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i 
Abstract 
 
 
In this thesis, I address two fundamental questions related to our 
understanding of how DNA damage is processed and repaired during replication. 
Using Two-dimensional (2-D) agarose gel analysis, I first examine whether DNA 
damage on plasmids introduced by transformation is processed in a manner 
similar to that observed on endogenously replicating plasmids and the 
chromosome. The original intent for using this approach was to develop a 
technique that could examine how different DNA adducts would be repaired in 
various sequence contexts. However, I found that distinct differences exist 
between the processing of DNA damage on transforming plasmids and the 
chromosome. The 2-D agarose gel analysis shows that RecA-mediated 
processing does not contribute to the survival of transforming plasmids and that 
this effect is likely due to inefficient replication of the plasmids after they are 
initially introduced into cells. These observations, while important, place 
limitations on the usefulness of transforming plasmids to characterize cellular 
repair processes.  
In a second question, I characterize the composition of the replisome 
following arrest by UV-induced DNA damage. Using 2-D agarose gel analysis the 
structural changes that occur in DNA during processing and repair have been 
well characterized, however, little is known about the fate of the replisome itself 
during these events. I used thermosensitive replication mutants to compare the 
 ii 
DNA structural intermediates induced after disruption of specific components of 
the replisome to those observed after UV damage. The results show that 
dissociation of subunits required for polymerase stabilization are sufficient to 
induce the same processing events observed after UV damage. By contrast, 
disruption of the helicase-primase complex induces abnormal structures and a 
loss of replication integrity, suggesting that these components remain intact and 
bound to the template following replication arrest. I propose that polymerase 
dissociation provides a mechanism that allows repair proteins to gain access to 
the lesion while retention of the helicase serves to maintain the integrity and 
licensing of the fork so that replication can resume from the appropriate site once 
the lesion has been processed. 
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Chapter 1 
 
INTRODUCTION 
 
Repair of UV-induced DNA damage in Escherichia coli 
 UV irradiation causes the formation of cyclobutane pyrimidine dimers 
(CPD) and 6-4 photoproducts in DNA that can block polymerases and prevent 
replication of the genome (Setlow et al., 1963). In E. coli, the nucleotide excision 
repair complex, encoded by the uvrA, uvrB and uvrC genes, serves to remove 
these lesions from DNA and allows replication to continue (Rupp and Howard-
Flanders, 1968). Cells deficient in nucleotide excision repair exhibit elevated 
levels of mutagenesis, strand exchange, rearrangements and cell lethality (Horii 
and Suzuki, 1968; Howard-Flanders et al., 1969).  
 Following the arrest of replication in the presence of UV-induced DNA 
damage, several proteins, including RecA and RecF, are required to stabilize the 
DNA at the replication fork and process the nascent DNA prior to repair (Chow 
and Courcelle, 2004; Courcelle and Hanawalt, 1999). Upon arrest of the 
replication fork at a lesion, the fork undergoes transient regression, displacing the 
nascent DNA strands and returning the DNA at the site of the lesion to duplex 
form in order to allow nucleotide excision repair to function on the lesion. The 
displaced nascent lagging strand is then processed to a limited extent by the 
RecJ nuclease and RecQ helicase (Courcelle and Hanawalt, 1999). The RecFOR 
complex prevents extensive processing of the nascent DNA and recruits RecA to 
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the site of the stalled replication fork (Chow and Courcelle, 2004). RecA forms a 
nucleoprotein filament at the site of the stalled replication fork pairing the 
displaced nascent leading strand with its homologous duplex (Cox et al., 1984; 
Schutte and Cox, 1987). RecA protein in this state becomes activated and 
induces the SOS response driving the expression of several repair genes (Little 
et al., 1981). Cells lacking either RecA or any of several RecF pathway proteins 
are hypersensitive to UV-induced damage and fail to recover replication following 
disruption by lesions (Clark and Margulies, 1965). 
 These processing events involve extensive alterations to the DNA at the 
stalled replication fork. In some studies, the functions of the various DNA 
processing proteins have been further characterized based on their ability to alter 
the structure of the DNA strands at replication blocking lesions. The structural 
modifications that occur in DNA during these processing events can be visualized 
using a number of techniques. One common and powerful approach is the use of 
two-dimensional agarose gel analysis, which can be used to resolve various 
structures that arise in DNA molecules. Although many types of lesions have 
been studied using this system, several important questions remain to be 
addressed. In this thesis, I examine the processing of exogenously irradiated 
plasmids in order to determine whether they are a suitable model for 
chromosomal repair processes and I characterize the role of the replisome during 
processing events in vivo using the 2-D agarose gel analysis. 
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Two-Dimensional Agarose Gel Analysis 
 
Two-dimensional (2-D) agarose gel analysis is a technique that allows one 
to visualize the structure of DNA fragments and has provided valuable insights 
into our understanding of replication and repair processes. In 1983, Bell and 
Byers showed that by excising an agarose gel slice containing various species of 
DNA following an initial round of electrophoresis, rotating the gel slice such that it 
would be perpendicular to its previous orientation and subjecting this DNA to a 
second round of electrophoresis, one could resolve branched DNA molecules, 
such as those produced during replication or recombination, from unbranched 
molecules of the same size. Historically, the technique has been applied to 
characterize processes that involve either structural modifications or 
accumulation of specific structures in DNA. An early study used this technique to 
identify replication origins in yeast plasmids. In this study, it was observed that 
the origin of replication mapped to the ARS element in a recombinant plasmid 
and included the first visual confirmation of a site for the initiation of DNA 
synthesis in vivo (Brewer and Fangman, 1987). A later study showed that the 
accumulation of specific intermediates could be used to identify replication pause 
sites. This study showed that a protein-DNA complex at the centromere could 
block the replication fork and that the resulting structural intermediates 
accumulated to levels high enough to be detected (Greenfeder and Newlon, 
1992). Another study used this technique to examine the structural intermediates 
generated during unidirectional replication of a plasmid molecule. This study 
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further compared the migration patterns of plasmids with unidirectional origins 
and those with bidirectional origins (Martin-Parras et al., 1992). As the potential 
of the 2-D agarose gel technique was realized, it progressively began to replace 
the use of the electron microscope to identify and resolve DNA structural 
intermediates.  
The versatility of this assay allows DNA to be harvested either from 
replicating cells in vivo or from biochemical reactions. Typically, the DNA is then 
linearized or restricted to sizes ranging from 2-10kb, and resolved by 
electrophoresis in a low percentage agarose gel at low voltage, to separate the 
DNA species primarily based on size. Following adequate separation, the lane 
containing the DNA is excised, rotated 90°, recast in a high percentage agarose 
gel and resolved rapidly using high voltage (Bell and Byers, 1983). The migration 
of DNA under these conditions separates DNA fragments based on both size and 
shape (Bell and Byers, 1983; Friedman and Brewer, 1995; Martin-Parras et al., 
1991). The migration pattern of a specific fragment can then be observed 
following a standard Southern blot procedure.  
DNA harvested in vivo typically contains a mixture of replicating and non-
replicating fragments which can be detected using 2-D agarose gel analysis 
(Brewer and Fangman, 1988; Martin-Parras et al., 1991). The mode of replication 
can be distinguished in plasmids and viruses as well (Martin-Parras et al., 1991; 
Martin-Parras et al., 1992; Severini et al., 1996). A DNA fragment linearized near 
its unidirectional origin produces a Y-shaped structure which can be resolved 
 5 
from linear, non-replicating molecules (Courcelle et al., 2003; Martin-Parras et al., 
1991). A fragment containing a bidirectional replication origin yields an X-shaped 
molecule following restriction, which can be further resolved from either Y-shaped 
or non-replicating molecules (Bell and Byers, 1983; Friedman and Brewer, 1995; 
Martin-Parras et al., 1991). If a replication origin is contained near the center of 
the linearized fragment, replication creates a bubble-like structure within the 
fragment and has a unique migration pattern (Brewer and Fangman, 1987; 
Martin-Parras et al., 1991). The degree of coiling can also be viewed under these 
or similar conditions (Martin-Parras et al., 1998). 
In order for the technique to be capable of detecting replication on 
fragments of the chromosome in yeast or mitochondria, purification strategies 
typically involving conditions that enrich for single-stranded DNA molecules, such 
as BND-cellulose fractionation or the use of a single-stranded nuclease, are 
employed (Brewer and Fangman, 1987; Greenfeder and Newlon, 1992; Kajander 
et al., 2001). The DNA is then concentrated by precipitation to increase sensitivity 
and enable the detection of rare events. However, these enrichment methods 
can lead to artifacts in which new structures are generated when the molecules 
are brought together during precipitation or selection against relevant molecules 
if they lack single-stranded regions. 
To circumvent these shortcomings when examining questions related to 
replication, plasmids that have moderate copy numbers in bacterial hosts can be 
isolated and examined directly without the need for precipitation or enrichment 
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(Courcelle et al., 2003). Replicating plasmids with unidirectional origins produce a 
characteristic image that contains a prominent spot consisting of non-replicating 
molecules and an arc extending away from this spot toward the well of the gel 
representing the replicating fragments ((Courcelle et al., 2003; Friedman and 
Brewer, 1995; Martin-Parras et al., 1991) and Figure 1.1). The replicating 
fragments contain between one and two times as much DNA as their non-
replicating counterparts, as well as branches, which further slows their migration, 
producing this arc pattern. This technique, as it applies to analysis of plasmid 
molecules replicating in E. coli cells, is outlined in Appendix A of this thesis and 
contains a link to an instructional video published in JoVE.   
The DNA structures that can be resolved by 2-D agarose gel analysis are 
not limited to those generated during normal replication. This technique can also 
be used to reveal how replication behaves when challenged by various 
impediments.  Studies have shown that if a barrier to replication such as bound 
protein complex or a termination sequence exists on the DNA template, the 
structural intermediates that result from a stalled replication fork accumulate at 
the blocked site to levels high enough to be detected (Duggin and Bell, 2009; 
Greenfeder and Newlon, 1992; Viguera et al., 1996). In 1997, Cordeiro-Stone et 
al. showed that the structural intermediates that accumulated following exposure 
to UV-induced lesions could be detected and used to determine whether 
tolerance mechanisms were to bypass the lesion. Additionally, structural 
intermediates associated with recombination, which often involve branched 
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molecules, have also been characterized. In one study by Kajander et al., the 
authors examined mitochondrial DNA prepared from human heart muscle cells 
and observed a prominent subset of structural intermediates most consistent with 
those generated during recombination (Kajander et al., 2001). The authors 
interpreted these results to suggest that a constant basal level of recombination 
intermediates may exist in mitochondria due to repair processes acting on 
oxidative lesion produced by the oxygen rich environment. Recent uses of this 
technique have also examined the method by which mitochondrial DNA is 
replicated. In 2000, Holt et al. revealed that replication intermediates in 
mammalian mitochondrial DNA included Y-shaped molecules suggesting that 
synthesis of both the leading and lagging strand occur simultaneously. However, 
a prior study using SEM and pulse-chase labeling experiments originally 
established that mitochondrial DNA replicates via a strand displacement 
mechanism in which synthesis of each strand is initiated separately from one 
another (Berk and Clayton 1974). A more recent study by Brown et al. which 
used a combination of atomic force microscopy and 2-D agarose gel analysis, 
lent further support to the strand displacement model and has led to a debate 
regarding the method by which mitochondrial DNA replicates. 
 
Structural Intermediates Observed During Processing of a Stalled 
Replication Fork  
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Many of the steps outlined above for the repair of UV lesions are 
consistent with the structures observed in replicating plasmids following UV 
irradiation when analyzed by 2-D agarose gel analysis. Following UV irradiation, 
structural intermediates are generated that migrate in a region of the gel 
consistent with DNA having two branch points but shorter than a fully replicated 
molecules (Courcelle et al., 2003). These UV-induced intermediates persist until 
a time that correlates with the removal of the majority of UV-induced lesions 
(Courcelle et al., 2003). In RecF mutants, characterized by their inability to 
process and maintain DNA at the replication fork following arrest, the UV-induced 
intermediates are not observed (Chow and Courcelle, 2004). However, these 
intermediates can be restored in the absence of RecQ or RecJ, which are the 
enzymes responsible for degrading nascent DNA following arrest, indicating that 
at least a portion of the intermediates are formed by the regression of the 
replication fork and displacement of nascent DNA (Courcelle et al., 2003); 
(Donaldson et al., 2006).  
 
Questions Remaining to be Addressed Regarding the Relationship 
Between DNA Replication and Repair 
The use of 2-D agarose gel analysis can be used to address fundamental 
questions involving the mechanism by which DNA damage is processed when 
encountered by replication. First, it is important to determine whether differences 
in processing exist between lesions encountered on the leading strand and those 
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encountered on the lagging strand. In vitro, when replication is reconstituted from 
purified components or extracts, lesions in the leading strand block the 
progression of the replisome, whereas lesions in the lagging strand can be 
skipped over when a new Okazaki fragment is initiated, leaving behind a single 
strand gap (Higuchi et al., 2003; McInerney and O'donnell, 2007; Svoboda and 
Vos, 1995). In vivo, a number of studies have shown that replication is transiently 
inhibited following DNA damage (Khidhir et al., 1985;Courcelle et al., 1997; 
Setlow et al., 1963). In addition, using sucrose gradients, it has been shown that 
the small amount of DNA synthesized after DNA damage contains gaps (Rupp 
and Howard-Flanders, 1968;West et al., 1982). Gaps have also been observed in 
DNA isolated following UV-irradiation using electron microscopy (Cunningham et 
al., 1980;Webb et al., 1999). While these observations would be consistent with 
the in vitro observations, it has proven difficult to experimentally obtain strand-
specific information in vivo. In an effort to answer this question directly, in vivo, 
one could introduce site-specific lesions into a single strand of a plasmid and 
subsequently introduce the plasmid into host cells and examine the processing 
that occurs on leading- versus lagging-strand lesions via 2-D agarose gel 
analysis. In the next chapter of this thesis, I examine whether transformation of 
E. coli cells with UV-damaged plasmids can be adapted to address this question 
of strand-specific processing. The initial goal was to establish that damaged DNA 
introduced into cells would be processed and repaired in a manner similar to 
processing and repair of endogenous plasmids or the chromosome. However, 
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our observations indicated that distinct differences exist between repair 
processes that operate on newly introduced plasmids and those that operate on 
DNA that had been previously established in the host. 
A second question examines how the composition of the replisome is 
altered during processing and recovery following an encounter with replication-
blocking lesions. Whereas processing events that occur in DNA at arrested 
replication forks are well characterized, the fate of the replisome itself during 
these events remains unknown. The replisome is a multi-subunit complex of 
functional components responsible for carrying out accurate replication of the 
genome. The replisome in E. coli consists of a triple polymerase core, a primase-
helicase complex and a clamp-loader that coordinates simultaneous leading- and 
lagging-strand synthesis ((Chang and Marians, 2000; McInerney and O'Donnell, 
2004; McInerney et al., 2007) and Figure 3). During synthesis, each of the 
polymerase cores is associated with a 5ʼ-3ʼ proofreading subunit as well as a 
processivity factor which greatly reduce the frequency of misincorporations and 
spontaneous disruptions (Horiuchi et al., 1978; Paz-Elizur et al., 1996). The 
concurrent synthesis of both leading and lagging strands is maintained by the tau 
factor, which holds the polymerases in a single complex, reloads the processivity 
factors on the lagging strand template and tethers the polymerase to the helicase 
complex (Maki and Kornberg, 1988; Leu et al., 2003; Kim et al., 1996; Yao et al., 
2000). The primase-helicase complex denatures the two parental strands, retains 
licensing of the replication origin and initiates the discontinuous synthesis of the 
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nascent lagging strand (Allen and Kornberg, 1991; Chang and Marians, 2000; 
Fujimura et al., 1979; LeBowitz and McMacken, 1986; Lu et al., 1996). Defects in 
any one of these functions result in either the inability of the replisome to 
continue synthesis, the inability of the cell to initiate a new round of replication or 
an increase in mutation frequency (Carl, 1970; Couch and Hanawalt, 1967; 
Fangman and Novick, 1968; Horiuchi et al., 1978; Kohiyama, 1968; 
Scheuermann et al., 1983). 
Although the replisome is a relatively large complex and an efficient 
machine, its function can be compromised in the presence of damage to the DNA 
template. Following exposure to a modest UV dose (20-25 J/m2), the rate of 
replication decreases rapidly (Courcelle et al., 2005; Setlow et al., 1963).  
However, in wild type cultures, replication rates begin to recover within minutes 
and essentially all cells remain viable (Courcelle and Hanawalt, 2003). Prior to 
recovery, little degradation of the genomic DNA is observed (Courcelle et al., 
1997; Horii and Suzuki, 1968). Thus, the lack of degradation and the rapid 
resumption of synthesis suggest that cells have mechanisms to efficiently deal 
with lesions rather than degrading the nascent DNA and reinitiating synthesis at 
the origin. 
Several models have been proposed to describe the role of the replisome 
during these brief moments. One model suggests that the integrity of the 
replication machinery upon encounter with an UV-lesion is lost and the replisome 
collapses, only to be reestablished and resume synthesis downstream from the 
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site of the lesion (Heller and Marians, 2006; Michel, 2000). Support for this model 
comes from in vitro studies in which PriA protein was required to rebuild the 
replisome downstream from a region of the template containing a replication-
blocking lesion suggesting that this mechanism is primase dependent (Heller and 
Marians, 2006; Jaktaji and Lloyd, 2003; Marians, 2000). However, other studies 
have suggested that the replisome remains stably bound when it is blocked by 
DNA damage (McInerney and O'donnell, 2007). In this study, a rolling circle 
template was used to show that the repair complex RecFOR works in conjunction 
with RecA to actively displace the DNA polymerase from the template when 
arrested. More recent studies have suggested the replisome may be far more 
dynamic than previously thought (Georgescu et al., 2009; Indiani et al., 2009; 
Langston et al., 2009).  
In the third chapter, I attempt to characterize how the composition of the 
replisome is altered during repair and processing events. Thermosensitive alleles 
of each of the components of the replisome exist and are used to compare which 
of the components play a role in processing events that are either similar to or 
distinct from those observed when the replisome encounters UV-induced DNA 
damage. The results demonstrate a dynamic replisome that is capable of partial 
disassembly to allow access to the lesion while retaining components to maintain 
fork integrity and licensing of the origin. I propose that this allows the replisome to 
be reassembled at the appropriate location prior to resumption. 
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In Appendix B, I use the data collected in Chapter 3 to further examine the 
kinetics by which DNA synthesis is disrupted following inactivation of various 
components of the replisome. The data suggest that at least one polymerase, 
other than Pol III, contributes significantly to DNA synthesis following disruption 
of the replicative polymerase in the absence of DNA damage, in vivo. 
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Figure 1.1. A schematic of the structural intermediates observed following 2-D 
agarose gel analysis of a low-copy plasmid with a unidirectional origin. Grey lines 
represent nascent DNA. 
 
1st - Separation by size
Gapped 
Circular 
 15 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
O
R
J
Q
J
Q
F
O
R
F
O
R
J
Q
A
A
B
C
Figure 1.2. A model for the DNA structural intermediates generated at each step 
during processing of the arrested replication fork. 
Replcation fork  
stalls 
RecFOR facilitates 
resection by recJ 
RecA is recruited to 
stabilize nascent DNA 
UvrABC removes lesion 
and synthesis resumes 
 16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. A schematic of the replisome indicating the function of each group of 
subunits or components 
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Inefficient Replication Reduces RecA-mediated Repair of UV-damaged 
Plasmids Introduced into Competent Escherichia coli  
 
*This chapter has been published: Plasmid. (2012) 68: 2. pp.113-24 
 
 
Abstract 
 Transformation of Escherichia coli with purified plasmids containing DNA 
damage is frequently used as a tool to characterize repair pathways that operate 
on chromosomes. In this study, we used an assay that allowed us to quantify 
plasmid survival and to compare how efficiently various repair pathways operate 
on plasmid DNA introduced into cells relative to their efficiency on chromosomal 
DNA.  I observed distinct differences between the mechanisms operating on the 
transforming plasmid DNA and the chromosome. An average of one UV-induced 
lesion was sufficient to inactivate ColE1-based plasmids introduced into 
nucleotide excision repair mutants, suggesting an essential role for repair on 
newly introduced plasmid DNA. By contrast, the absence of RecA, RecF, RecBC, 
RecG or RuvAB had a minimal effect on the survival of the transforming plasmid 
DNA containing UV-induced damage. Neither the presence of an endogenous 
homologous plasmid nor the induction of the SOS response enhanced the 
survival of transforming plasmids. Using two-dimensional agarose-gel analysis, 
both replication- and RecA-dependent structures that were observed on 
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established, endogenous plasmids following UV-irradiation, failed to form on UV-
irradiated plasmids introduced into E. coli. We interpret these observations to 
suggest that the lack of RecA-mediated survival is likely to be due to inefficient 
replication that occurs when plasmids are initially introduced into cells, rather 
than to the plasmidʼs size, the absence of homologous sequences, or levels of 
recA expression.  
 
Introduction 
 Transformation of cells with plasmids containing DNA damage is one 
approach that has been frequently used to characterize cellular repair pathways 
in both prokaryotic and eukaryotic systems (Bichara et al., 2007; Bichara et al., 
2009; Kucherlapati et al., 1984; Roberts and Strike, 1981; Saffran and Cantor, 
1984; Schmid et al., 1982; Strike et al., 1979; Wang et al., 2001).  UV irradiation 
of Escherichia coli causes the formation of cyclobutane pyrimidine dimers (CPDs) 
and 6-4 photoproducts in DNA that can block polymerases and prevent 
replication of the genome (Setlow et al., 1963). A number of repair and tolerance 
pathways are known to contribute significantly to survival in the presence of UV-
induced lesions on the chromosome.  Nucleotide excision repair removes these 
lesions from the genome reducing the frequency that replication encounters this 
type of damage, and contributes significantly to cell survival (Courcelle et al., 
1999; Courcelle et al., 2005; Courcelle et al., 2006). In the absence of repair, 
translesion polymerases can incorporate bases opposite to the damage that 
 30 
would otherwise prevent replication from being completed (Bagg et al., 1981; 
Courcelle et al., 1999; Courcelle et al., 2005; Courcelle et al., 2006). Under most 
conditions, these polymerases have only modest effects on survival, but can 
have large effects on the frequency of mutagenesis (Bagg et al., 1981; Courcelle 
et al., 1999; Courcelle et al., 2006; Radman, 1975).  A large number of these 
processing events are dependent on RecA, and the absence of the protein 
renders cells hypersensitive to UV irradiation (Courcelle et al., 1999; Courcelle et 
al., 2003; Keller et al., 2001; West, 1996). RecA along with several RecF-
pathway proteins are involved in processing replication forks that encounter DNA 
damage and are required for replication to resume (Courcelle et al., 1997; 
Courcelle et al., 1999; Courcelle et al., 2003). In addition, RecA along with 
RecBC- pathway proteins are needed to repair double-strand break 
intermediates that arise following several forms of DNA damage (Chow and 
Courcelle, 2007; Keller et al., 2001; Willetts and Clark, 1969). Strand exchange 
and Holliday junction intermediates that form during these RecA-mediated events 
are processed and resolved by the RuvABC and RecG resolvases (Donaldson et 
al., 2004; Lloyd and Sharples, 1993; Lloyd, 1991; West, 1996).  Mutations 
inactivating recBC, recF, ruvABC, or recG reduce cellular resistance to UV-
irradiation to varying degrees (Courcelle et al., 1997; Courcelle et al., 1999; 
McGlynn and Lloyd, 2001; McGlynn and Lloyd, 2002; West, 1996; Willetts and 
Clark, 1969).  
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 Plasmids used to transform chemical- or electro-competent E. coli are 
taken up as double-strand circular DNA. Typically, in assays using plasmid 
transformation, the purified plasmid DNA is exogenously exposed to a damaging 
agent and then introduced into cells to monitor plasmid survival, DNA repair, or 
replication using various conditions and mutants. However, quantifying the effect 
that DNA damage has on plasmid survival can be challenging.  Transformation 
frequencies can vary several-fold between experiments due to small variations in 
competent cell preparations, DNA-to-cell ratios, temperature, heat shock 
duration, or recovery times prior to selection (Froger and Hall, 2007; Norgard et 
al., 1978; Roychoudhury et al., 2009; Yoshida and Sato, 2009). In addition, 
several mutants, including recA and recBC, are known to affect the cellʼs ability to 
take up or maintain plasmids, making it difficult to directly quantify and compare 
plasmid survival in different strains (Bassett and Kushner, 1984; Biek and Cohen, 
1986; Summers and Sherratt, 1984).  
 A number of reports have suggested that differences exist between the 
repair pathways that operate on transforming plasmids and chromosomal DNA, 
but the underlying mechanism and overall conclusions have varied greatly 
between studies. A series of early studies by Roberts and Strike introduced UV-
irradiated plasmids and found that plasmid survival depended on UvrA and 
RecBC, but not on RecA or RecF, irrespective of whether a homologous plasmid 
was present (Roberts and Strike, 1981; Roberts and Strike, 1986; Strike and 
Roberts, 1982; Strike et al., 1979).  In contrast, a set of more recent studies 
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reported that survival of transforming plasmids containing bulky adducts 
depended on both RecA and RecF function and required the presence of a 
homologous plasmid (Bichara et al., 2007; Bichara et al., 2009).  However, an 
earlier study involving authors from this same group reported that RecA did not 
significantly contribute to survival of plasmids containing bulky lesions (Schmid et 
al., 1982).  Another group using a similar approach to characterize repair of 
interstrand DNA crosslinks observed that a lack of RecA did not affect survival of 
transforming plasmids and concluded that recombinational processes may not be 
involved in repairing these lesions (Berardini et al., 1997; Berardini et al., 1999). 
In subsequent work, it was noted that recA mutants were hypersensitive to 
crosslinking agents and the authors speculated that a lack of homology to the 
plasmid might account for the observed differences between the plasmid and 
chromosome (Berardini et al., 1999). All of these studies utilized plasmids 
containing ColE1-type origins, making it unlikely that differences in replication 
origins could account for the observed variation in results.  However, each of 
these studies relied on the introduction of a single, damaged plasmid into 
different preparations and strains of competent cells to draw conclusions about 
which proteins or pathways were important for survival. In some cases, damaged 
and undamaged plasmids were required to be prepared separately.  Thus, some 
of the discrepancies between studies could be due to either variations in DNA 
concentrations, cell preparations, or inherent competency of cells from different 
genetic backgrounds. 
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 In light of these issues, we developed an assay that utilizes a control 
plasmid to normalize for variations in transformation efficiencies between 
different experiments and strains. We then used this assay to quantify the relative 
contribution that various repair pathways have on the transforming plasmidʼs 
survival. We found that only nucleotide excision repair, but not RecA, RecF, 
RecBC, RecG or RuvAB, contributes to the survival of transforming plasmids 
containing UV-induced lesions.  Using two-dimensional agarose gel analysis, we 
observed that both replication-dependent and RecA-dependent processing 
intermediates are observed on established plasmids replicating endogenously, 
but not on plasmids that have been newly introduced into competent cells.  
Homology or SOS induction did not enhance the survival of transforming 
plasmids containing UV damage in the presence of RecA.  Based on these 
observations, we infer that the inability of RecA-mediated pathways to operate is 
most likely due to inefficient replication of plasmids when they are initially 
introduced into cells, rather than to other aspects such as the plasmidʼs size, the 
absence of homology, or levels of recA expression.  
 
Materials and Methods 
Strain Construction.  
The strains used in this work are presented in Table 2.1. All strains were derived 
from the parental strain ER1793 (New England Biolabs) using standard P1 
transduction.  
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A gene replacement of polB was constructed using the recombineering 
strain DY351 (Yu et al., 2000). The tetracycline resistance cassette was inserted 
into polB using primers polBF-tetF and polBR-tetR, 
5'CAAGCCTGGTTTTTTGATGGATTTTCAGCGTGGCGCAGGCACTCGACATCT
TGGTTACCG and 
5'TTGCTCAAAATAGCCCAAGTTGCCCGGTCATAAGTGTAGCCAAGAGGGTC
ATTATATTTCG, respectively, to amplify the tetR cassette from Tn10. The PCR 
product was used to transform DY351 to generate CL1016 (polB::tet,). CL1317 
(ER1793 polB::tet) was constructed by P1 transduction of the polB::tet allele from 
CL1016 into ER1793.  
A gene replacement of sulA was constructed using the recombineering 
strain DY329 (Yu et al., 2000). The chloramphenicol resistance cassette flanked 
by FRT sequences was inserted into sulA using primers sulA-frtFOR and sulA-
frtREV, 
5'CTGTACATCCATACAGTAACTCACAGGGGCTGGATTGATTGTGTAGGCTGG
AGCTGCTTCG and 
5'TGGGCGACAAAAAAAGTTCCAGGATTAATCCTAAATTTACCATATGAATATC
CTCCTTA, respectively, to amplify the frt-cam-frt cassette from pKD3 (Datsenko 
and Wanner, 2000). The PCR product was then used to transform DY329 to 
generate CL1922 (sulA::frt-cam-frt). CL1919 (ER1793 sulA::frt-cam-frt) was 
constructed by P1 transduction of the sulA::frt-cam-frt allele from CL1922 into 
ER1793. CL1921 (ER1793 sulA::frt-cam-frt lexA71::Tn5) was constructed by P1 
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transduction of the lexA71::Tn5 allele from HL940 into CL1919. To generate a 
markerless sulA mutant, CL1923 (ER1793 sulA::frt lexA71::Tn5), the helper 
plasmid pCP20 (Cherepanov and Wackernagel, 1995) was introduced into 
CL1921 and FLP recombinase expression was induced to eliminate the 
chloramphenicol resistance cassette as described previously (Datsenko and 
Wanner, 2000). 
 Transductants were verified following selection with the appropriate 
antibiotic and by their sensitivity to UV irradiation when appropriate. Antibiotics 
were used at the following concentrations: Ampicillin 100 µg/mL, 
Chloramphenicol 20 µg/mL, Kanamycin 30 or 70 µg/mL, Tetracycline 16 µg/mL. 
 
Plasmids.  pBR322, pBluescriptII SK (pSK+) and the pBluescriptII KS (pKS+/-) 
vectors confer resistance to ampicillin and have been described 
previously(Alting-Mees et al., 1992; Watson, 1988). pBluescript BC SK+ (pBC, 
Fermentas) contains a chloramphenicol marker. pET30 (Novagen) contains a 
kanamycin resistance cassette. 
  
Plasmid Purification and Irradiation. All plasmids used in this study were 
prepared and purified from JM109 cells using the Eppendorf Fastplasmid Mini kit 
and then gel purified (0.5X TAE, 0.5% Agarose, 0.3 µg/mL ethidium bromide ran 
at 1.5V/cm) to obtain supercoiled circular DNA. For survival experiments, 1 mg of 
purified plasmid in TE was UV irradiated at the indicated dose, using a Sylvania 
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15 W germicidal light bulb (254 nm) at an incidence rate of 0.9 J/m2/s. For all 
experiments, an equal molar amount of unirradiated, purified plasmid (pBC) was 
mixed with the UV-irradiated plasmids prior to the transformation analysis.  
  
Preparation of Competent Cells and Transformation.  Fresh overnight 
cultures of each strain were diluted 1:100 in 50 ml of Luria-Bertani medium (LB) 
and grown to an OD600 of 0.4. Cells were then pelleted, washed with 50 ml of 80 
mM MgCl2, 20 mM CaCl2 solution, repelleted and then resuspended in 1 ml of 
100 mM CaCl2 and 10% glycerol. Cells were stored at -80ºC until needed. 
 Competent cells that were induced for the SOS response were prepared 
by irradiating the culture with 20 J/m2 UV light, and allowing the culture to recover 
at 37ºC for 20 min before cells were pelleted and prepared using the protocol 
described above. 
 To measure transformation frequency of damaged plasmids, a single 
mixture of UV-lesion containing pKS or pBR322, was mixed with undamaged 
pBC in a 1:1 molar ratio. This same mixture was then used to transform wild-type 
cells and all mutants to be compared. For transformation, 200 µl competent cells 
were thawed on ice, mixed with 10 ng of the pKS/pBC plasmid mixture and heat 
shocked at 42ºC for 90 sec. The mixture was then returned to ice for 1-2 min 
before 800 µl of fresh LB was added and the mixture was incubated at 37ºC for 
30 min. At this time, cultures were serially diluted and duplicate 100-µl aliquots 
were spread on LB plates containing ampicillin (100 µg/ml) or chloramphenicol 
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(20 µg/ml). Plates were incubated overnight at 37ºC before the number of 
surviving colonies on each plate was counted. The ratio of ampicillin-resistant 
colonies to chloramphenicol-resistant colonies was then determined for each 
mutant and compared to wild-type cultures.  
 
Quantification of Induced DNA Damage. Lesion frequency on plasmids was 
measured by sensitivity to T4 endonuclease V (TEV, Epicentre), which cleaves 
DNA at sites containing cyclobutane pyrimidine dimers, generating a single 
strand nick. 20 U of TEV was added to 1 mg of purified, irradiated or unirradiated 
plasmid DNA in 25 µl TE buffer and incubated at 37ºC for one hour. Reactions 
were stopped by the addition of an equal volume of chloroform and the DNA was 
separated on a 0.7% agarose gel containing ethidium bromide. Supercoiled 
plasmids containing lesions were thus converted to a nicked, open circle 
conformation that can be resolved on an agarose gel. For each dose, the number 
of lesions per plasmid molecule was then calculated from the fraction of plasmids 
that remained lesion free (the zero class), based on the Poisson expression, P(0 
lesions) = -ln (n), where n represents the average number of lesions per plasmid. 
 
Two-dimensional Agarose Gel Electrophoresis. For transformation 
experiments, electrocompentent cells were prepared by growing cultures in 50 ml 
LBthy media to an OD600 of 0.6 before they were washed 4X with ice-cold water 
and resuspended in 500 ml of ice-cold 10% glycerol. 40 µl of cells were then 
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transformed via electroporation with 500 ng of pBR322, washed with 1 ml of LB 
media, pelleted, resuspended in 1 ml LB media, and allowed to recover at 37ºC. 
During the recovery, 0.15-ml aliquots of the transformed cell culture were taken at 
the indicated times and transferred to 0.75-ml ice-cold NET buffer (100 mM NaCl, 
20 mM EDTA, pH 8.0, 10 mM Tris, pH 8.0).  
For experiments with cells containing an endogenous pBR322 plasmid, 
cultures were grown overnight in Davis medium supplemented with 0.4% 
glucose, 0.2% casamino acids (DGC), and 40 mg/ml each of histidine (his) and 
tryptophan (trp) in the presence of 100 mg/ml ampicillin. 0.2 ml of the overnight 
cultures were pelleted and resuspended in 20-ml DGC medium supplemented 
with his and trp in the absence of ampicillin and grown in a 37ºC shaking water 
bath to an OD600 of 0.5. At this time, cultures were irradiated with 55 J/m2 of UV 
light, which produces an average of 1 lesion per strand of the plasmid, and 
allowed to recover at 37ºC. At the times indicated, a 0.75-ml aliquot of culture 
was removed and transferred to an equal volume of NET buffer.  
To purify genomic and plasmid DNA, cells were pelleted, resuspended in 
0.15 ml of lysis buffer (1.5 mg/ml lysozyme, 0.5 mg/ml RNAseA in 10 mM Tris, 
pH 8.0, 1 mM EDTA, pH 8.0) and incubated at 37ºC for 30 min. Then, 10 ml each 
of 10 mg/ml Proteinase K and 20% Sarkosyl was added to the samples and 
returned to 37ºC for 30 min. Samples were then extracted with 4 volumes of 
phenol:chloroform (1:1), followed by an extraction with 4 volumes of chloroform, 
dialyzed against 200 ml of TE (2 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0) for one 
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hour on a floating 47-mm Whatman 0.05-mm pore disk, and digested with PvuII 
(Fermentas) overnight at 37ºC. Samples were extracted with an equal volume of 
chloroform and loaded directly onto a gel. 
Genomic DNA was separated initially on a 0.4% agarose gel in 1X TBE at 
1 V/cm for 15 h. For the second dimension, lanes were excised from the gel, 
rotated 90º, recast in a 1% agarose gel in 1X TBE and electrophoresed at 7 V/cm 
for 6 h. DNA in the gels was transferred to Hybond N+ (GE BioSciences) 
membrane using standard Southern blotting protocols. The plasmid DNA was 
detected by probing with 32P-labeled pBR322 that was prepared using nick 
translation (Roche) and visualized using a Storm 840 phosphorimager (GE 
Biosciences) and its associated ImageQuant analysis software.   
 
 
Results 
  
Several RecA-mediated pathways that contribute to cell survival after UV 
irradiation do not contribute to survival of UV-irradiated plasmids 
introduced into competent cells.  
 To characterize the repair pathways that operate on transforming plasmid 
DNA, we employed an assay in which the survival of plasmids containing DNA 
damage could be compared directly between different strains and transformation 
experiments (Fig. 2.1). In this assay, a mixture containing equal molar amounts 
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of a UV-irradiated plasmid (pBR322 or pKS, as indicated) and an undamaged 
control plasmid (pBC) were used to transform wild-type and various mutant cells. 
Duplicate aliquots of each transformation were then plated on both ampicillin and 
chloramphenicol media.  Survival of the damaged plasmid in each mutant was 
determined by calculating the ratio of surviving UV-damaged plasmids (AmpR 
colonies) to undamaged control plasmids (CamR colonies). The inclusion of the 
second, undamaged plasmid served to normalize for differences in the 
transformation frequency due to genetic mutations that affect DNA uptake and 
maintenance as well as to control for variations between experiments due to cell 
competence, DNA-cell concentrations, or heat shock durations (Berry and 
Kropinski, 1986; Dower et al., 1988). 
We used ER1793, which lacks the two restriction endonucleases encoded 
by the E. coli genome, as our parental strain. Isogenic mutants in genes known to 
be involved in processing UV-induced damage on the chromosome were then 
constructed in this background. For the purpose of comparison to the plasmid 
assay, the survival of each strain relative to the parental strain is shown following 
irradiation with 25 J/m2 (Fig. 2.2A). In strains lacking UvrA, RecA, RecF, RecBC, 
RuvAB, or RuvC, cell survival was reduced by greater than two orders of 
magnitude relative to wild-type cells after a dose of 25 J/m2.  In recG mutants, 
survival was more than one order of magnitude lower relative to wild-type cells.  
At this dose, an average of 1 lesion per 10-kb DNA strand is induced ((Courcelle 
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et al., 2003) and Fig. 2.3A) and approximately 70% of wild-type cells survive to 
form colonies.  
To measure the survival of introduced plasmid DNA in these strains, a 
purified preparation of pBR322 was UV-irradiated with 110 J/m2. This dose 
produces an average of 2 lesions per plasmid strand ((Courcelle et al., 2003) and 
Fig. 2.3A). The irradiated plasmid was then mixed with an equal amount of a 
purified preparation of undamaged pBC plasmid and 20 ng of this mixture was 
then used to transform each strain, as described above. Based on the ratio of 
transformants obtained when selecting for single or double antibiotic resistances, 
less than 5% of the transformants received both plasmids.  In addition, at the 
DNA concentrations used, the overall transformation frequency was typically in 
the range of <1 transformant per 1000 colony-forming units (cfu). These 
transformation frequencies suggest that cells generally received only a single 
plasmid and argue that plasmid incompatibility or homology-based repair 
processes would not affect plasmid survival rates. 
When transformation efficiency was normalized to the undamaged control 
plasmid, we observed that the survival of plasmids containing UV-induced 
damage in recA mutants was similar to that in wild-type cells (Fig. 2.2B). By 
contrast, in uvrA mutants, which are deficient in nucleotide excision repair, 
plasmid survival was reduced by approximately 2 orders of magnitude relative to 
the parental strain. 
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Consistent with the results described above, the absence of other RecA-
dependent repair processes also did not contribute to the survival of plasmids 
containing UV-induced damage. UV-irradiated plasmids introduced into recF, 
recJ, recQ, or recBC mutants survived as well as those introduced into the 
parental strain (Fig. 2.2B). Similarly, plasmid survival was also unaffected by 
mutations inactivating RecG, RuvAB or RuvC (Fig. 2.2B).  
No effect on plasmid survival was observed in the absence of any single 
translesion DNA polymerase gene, umuC, polB or dinB. However, of the 
translesion DNA polymerase genes, only UmuC contributes to cell survival after 
high doses of UV (Courcelle et al., 2006). Similar results were obtained when 
survival of UV-irradiated Phi X 174 was examined following infection of wild-type, 
uvrA and recA cells (data not shown). Taken together, these results suggest that 
nucleotide excision repair, but not recA-mediated processes contribute to the 
survival of introduced DNA containing UV-induced damage. 
 
UvrA is nearly essential for survival of plasmids containing UV-induced 
damage following transformation.  
 To further characterize the role of nucleotide excision repair and recA-
mediated pathways in processing introduced DNA, we examined the survival of 
plasmids over a range of UV doses. To this end, aliquots of a purified plasmid 
preparation of pKS+ were either mock irradiated or irradiated with 40, 80, 160 or 
240 J/m2 of UV to produce an average of 0, 1, 2, 4 and 6 CPDs on the 3-kb 
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plasmid, respectively. The lesion frequency was confirmed by treating the 
irradiated samples with T4 endonuclease V (TEV), which incises DNA at sites 
containing CPDs.  Following incision by TEV, supercoiled plasmids containing 
UV lesions are converted to a relaxed open circular conformation that can be 
monitored in an agarose gel (Fig. 2.3A).  The UV-irradiated plasmid preparations 
were then mixed with an unirradiated control pBC plasmid and the mixture was 
used to transform a set of wild-type, recA, or uvrA cultures as described above. 
As shown in Fig. 2.3B, the survival of UV-irradiated plasmids in recA mutants 
(filled bar) was similar to wild-type cells up to doses of 160 J/m2. By comparison, 
plasmid survival in uvrA mutants (unfilled bar) decreased relative to survival in 
wild-type cultures as the lesion frequency increased.  
 To assess plasmid survival within each strain as a function of UV dose, we 
also plotted plasmid survival relative to the survival of a mock-irradiated plasmid 
in each strain.  Because we are not comparing survival to wild-type cultures, this 
type of analysis does not control for differences in transformation efficiencies that 
may exist between strains. However, the use of the undamaged control plasmid 
still normalizes for differences in transformation efficiencies that occur between 
experiments and allows one to determine how survival is reduced within each 
strain as a function of UV dose.  By this type of analysis, plasmid survival in wild-
type cells decreased linearly as the number of lesions on the plasmid increased 
over the doses we examined (Fig. 2.3C).  In recA mutants, plasmid survival 
decreased at the same rate as that observed in wild-type cells.  The lack of any 
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RecA dependence on plasmid survival across the range of doses examined 
argues that the observed effect is not a result of the lesion frequency being below 
or beyond the capacity of RecA pathways to operate. 
In contrast to recA cultures, plasmid survival in uvrA and recA uvrA 
mutants decreased more rapidly than wild-type cultures as the UV dose 
increased.  At each dose examined, the percent plasmid survival was 
approximately equal to the fraction of plasmids that, by chance, remained lesion-
free within the UV-irradiated samples (compare Figs. 2.3A and 2.3C). The result 
indicates that when lesions are present on the newly introduced DNA, nucleotide 
excision repair is nearly essential for survival. Other mutants that were examined, 
including recBC, recF and umuC, did not exhibit dose-dependent hypersensitivity 
to UV-induced damage on plasmid DNA (data not shown), consistent with the 
idea that other RecA-dependent processes are not contributing to plasmid 
survival.  
 
RecA-dependent processing intermediates are observed on endogenously 
replicating plasmids, but not when plasmids are first introduced into cells.   
 The inability of RecA-mediated pathways to contribute to survival of 
transforming plasmid DNA may be due either to the plasmidʼs small size, its 
structure, or some aspect associated with the transformation process.  To 
differentiate between these possibilities, we compared the processing 
intermediates observed on newly introduced plasmids following transformation to 
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those observed on established, endogenously replicating plasmids using two-
dimensional (2D) agarose-gel electrophoresis.  This technique is able to 
differentiate and identify the structural properties of plasmids during repair and 
replication.  To examine the structures induced on established, endogenous 
plasmids, cultures of E. coli containing the plasmid pBR322 were UV irradiated 
with 55 J/m2 and then allowed to recover. To examine structures on newly 
introduced plasmids, purified pBR322 was first UV-irradiated with 110 J/m2 and 
then used to transform competent preparations of E. coli.  In both cases, samples 
were then taken at various times during the recovery period and total genomic 
DNA (plasmid and chromosomal) was purified. The genomic DNA was then 
digested with PvuII to linearize the plasmid at its unidirectional origin of 
replication and analyzed by 2D agarose-gel electrophoresis.   
On endogenous plasmids in the absence of DNA damage, nonreplicating 
plasmid molecules migrate as a linear 4.4-kb fragment and form the prominent 
spot observed in this analysis. Replicating, Y-shaped molecules migrate more 
slowly due to their larger size and nonlinear structure and appear as an arc that 
extends out from the prominent nonreplicating spot (Fig. 2.4A and D).  In the 
presence of UV-induced DNA damage, a unique class of intermediates is 
transiently observed that migrates more slowly than the replicating Y-arc, forming 
a cone region. These intermediates represent molecules having four arms or two 
branch points and have been shown to be resolved at a time that correlates with 
repair of the lesion and resumption of replication (Courcelle et al., 2003).  
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When we analyzed the structure of plasmids following transformation, we 
observed a distinct absence of both replicating structures and processing 
intermediates. We did observe a prominent 4.4 kb linear spot that corresponded 
to nonreplicating molecules (Fig. 2.4B).  To estimate the amount of plasmid DNA 
that was not taken up by cells but detected in these assays, non-transformed 
samples were also analyzed after plasmid DNA was simply mixed with 
competent cell preparations. Based on the amount of plasmid detected in these 
mock-transformed samples, more than 96% of the signal detected in the 
Southern analysis represents plasmids taken up by cells, suggesting that 
plasmids not taken up by cells were effectively removed from the media by the 
washing step before DNA was prepared from the culture (Fig. 2.4A). To 
determine whether the lack of any observed intermediates was due to the 
presence of DNA damage on the transforming plasmid DNA, we also examined 
undamaged plasmids using the same approach and observed a similar lack of 
replication intermediates on plasmids newly introduced to competent cells (Fig. 
2.4B). These observations suggest that newly introduced plasmids do not 
replicate efficiently and therefore fail to generate replication intermediates 
associated with processing lesions at replication forks. 
On established, endogenous plasmids, the formation of the transient UV-
induced structural intermediates requires ongoing replication and depends on 
RecA.  By contrast, the UV-induced intermediates fail to resolve in uvrA mutants 
when the lesions cannot be removed.  Thus, in these mutants, the intermediates 
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are not transient but are seen to persist and accumulate. Similarly, in ruvAB 
mutants, which are unable to resolve these replication intermediates, the 
structures have been shown to accumulate, and go on to form higher order 
structures when other RecA-dependent processes are absent ((Courcelle et al., 
2003;Donaldson et al., 2006) and Fig. 2.4C).  Thus, if the transient nature of 
these intermediates prohibited their detection following transformation in wild-
type cells, we reasoned that we should observe them in uvrA or ruvAB mutants 
where they are not resolved and continue to accumulate. However, as shown in 
Fig. 2.4C, when we examined the structure of newly introduced plasmids in each 
of these mutants, only nonreplicating linear fragments were detected in 
transformed uvrA, recA or ruvAB mutants.  The lack of intermediate structures 
seen in these mutants argues that these replication-dependent processing events 
are not occurring at high frequencies following transformation. 
We interpret these observations to be consistent with the idea that the 
inability of RecA-mediated processes to contribute to survival is due to an aspect 
of the transformation process. The presence of RecA-dependent intermediates 
on endogenous plasmids argues against the idea that the plasmid is either too 
small or is otherwise inappropriate as a substrate for RecA-mediated processes 
to operate. The absence of any replication-associated structural intermediates on 
the newly introduced plasmids suggests that the plasmid replicates inefficiently 
when it is initially introduced into host cells and that this is likely to account for the 
lack of processing by RecA-mediated pathways.  
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SOS induction or plasmid homology does not enhance survival of the 
transforming plasmid DNA.  
 Following DNA damage on the chromosome, RecA is upregulated as part 
of the SOS response (Radman, 1975; Sassanfar and Roberts, 1990). Thus, it is 
possible that higher levels of RecA expression are required to observe RecA-
mediated survival or processing on the newly introduced UV-irradiated plasmids. 
To address this possibility, we constructed wild-type and uvrA mutants that 
lacked the LexA repressor, allowing constitutive expression of RecA and all other 
SOS-regulated gene products.  We then examined pKS plasmid survival 
following transformation as a function of UV dose in each of these strains as 
described before. By this type of analysis, constitutive expression of recA and 
other SOS-regulated genes had no effect on plasmid survival at any of the doses 
examined compared to their LexA+ counterparts (Fig. 2.5), indicating that the 
inability of RecA-mediated processes to operate in transforming plasmid DNA is 
not due to the expression level of recA or other SOS-regulated genes.  
A second possible reason that RecA-dependent survival is not observed 
on newly introduced plasmids is the lack of established homologous sequences 
in the cell at the time of transformation.  In the case of endogenously replicating 
plasmids, the plasmid is present in multiple copies inside the cell.  Thus, it is 
possible that RecA-dependent survival would increase significantly if homologous 
sequences were present inside the cell at the time of transformation.  To test this 
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possibility, we used a mixture of a UV-irradiated plasmid, pSK+, and control 
plasmid, pET30, to transform competent preparations of wild-type, recA, and 
uvrA cells that either contained no homologous plasmid, or contained an 
endogenous, homologous plasmid, pBC. The pBC plasmid is entirely 
homologous to the UV-irradiated pSK+ plasmid except for its antibiotic resistance 
cassette but is not homologous to pET30. As shown in Fig. 2.6, the survival of 
UV-irradiated plasmids in uvrA cultures was reduced to the same extent 
regardless of whether or not cells contained the homologous plasmid and no 
RecA-dependent survival was observed. We interpret these results to indicate 
that the presence of homology does not limit the ability of RecA-mediated 
processes from operating on plasmids following transformation. 
 
Discussion 
 We demonstrate that distinct differences exist between the battery of 
repair processes that operate on newly introduced plasmids as compared to 
those that operate on established, endogenous plasmids or the chromosome. On 
newly introduced plasmid DNA containing UV-induced damage, nucleotide 
excision repair is nearly essential for survival, whereas RecA-mediated 
processes do not significantly contribute to survival. The presence of replication 
and processing intermediates on endogenous plasmids, but not on newly 
introduced plasmids suggests that the lack of RecA-mediated processing is due 
to inefficient replication when plasmids are initially introduced into cells, rather 
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than to other aspects such as the plasmidʼs size, the presence of homology, or 
levels of RecA expression.  Delayed or inefficient replication of the plasmid would 
allow more time for lesion repair to occur, obviating the need for RecA-mediated 
processing of arrested replication forks, as originally postulated by Strike and 
Roberts (Strike and Roberts, 1982).  
The inefficient replication and processing by RecA-mediated pathways 
following transformation could reflect the need to establish additional protein 
factors on the purified DNA before replication or RecA-mediated processing can 
occur. Endogenous plasmids contain a number of associated structural proteins, 
including histone-like factors such as Hu, Ihf, or topoisomerases that are known 
to impair replication of plasmids when absent (Baker et al., 1986; Biek and 
Cohen, 1992; Gamas et al., 1986; Hwang and Kornberg, 1992; van der Ende et 
al., 1985). It is reasonable to consider that the newly introduced DNA may not 
replicate or be recognized efficiently by some enzymatic processes until these 
topology-altering factors are established.   
A key difference between this study and previous studies involving the 
transformation of plasmids containing DNA damage involves the inclusion of an 
undamaged reference plasmid to normalize for transformation frequencies 
between different experiments and strains. This may help clarify a number of 
previous studies that have reached differing conclusions when characterizing 
repair mechanisms on transforming DNA.  Strike and Roberts initially found that 
plasmid survival was dependent on RecBC, but curiously, it did not depend on 
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RecA or RecF (Roberts and Strike, 1986). When normalized to an undamaged 
reference plasmid, we found that the survival of introduced plasmids containing 
UV-induced damage in recBC mutants was similar to wild-type cells and did not 
depend on RecA. A number of studies subsequent to Strike and Roberts work 
have shown that mutants defective in the RecBCD pathway have an impaired 
ability to maintain plasmids, which may account for the reduced survival that was 
observed in these early studies (Biek and Cohen, 1986; Niki et al., 1988; 
Summers and Sherratt, 1984).  
Two previous studies also reached different conclusions as to whether a 
resident homologous plasmid enhances survival.  Strike and Roberts concluded 
that RecA did not enhance survival of introduced plasmids even in the presence 
of homology (Strike and Roberts, 1982).  Curiously, they did observe a modest 
increase in plasmid survival that was dependent on UvrA and UvrB, but not UvrC. 
In contrast, Bichara et al. using plasmids containing an AAF adduct, reported that 
survival depended on both RecA and RecF, required the presence of homology 
and involved a pathway that could be coupled to lesion removal by nucleotide 
excision repair (Bichara et al., 2007; Bichara et al., 2009).  The RecA- and RecF-
dependent survival was initially observed when using single-strand plasmids 
(Bichara et al., 2007).  In a subsequent study, the authors suggested that the 
RecA-mediated effect also occurred when using double-strand plasmids, 
although survival of the transforming plasmid DNA was not specifically examined 
in this study (Bichara et al., 2009).  An earlier study from this group reported that 
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RecA did not contribute to survival following introduction of double-stranded 
plasmids containing either UV or AAF adducts (Schmid et al., 1982). When 
normalized to the reference plasmid, we did not observe any enhanced survival 
that was dependent on RecA or homology, consistent with the early results 
reported by Strike and Roberts, and Schmid et al. (Schmid et al., 1982; Strike 
and Roberts, 1982). Considering the essential role for nucleotide excision repair 
on transforming plasmids, it is likely that both RecA and the presence of a 
second, homologous template plays a more important role in the survival of 
single-stranded plasmids than on double-stranded plasmids following introduction 
into the cell, which may in part explain the discrepancies between these studies 
(Bichara et al., 2007; Bichara et al., 2009; Roberts and Strike, 1981; Schmid et 
al., 1982; Strike and Roberts, 1982).  On double-stranded plasmids, a range of 
genetic and cellular observations suggest that arrested replication forks are 
processed by RecA to restore the region to a double-stranded form that can be 
repaired by nucleotide excision repair (Courcelle and Hanawalt, 2001; Courcelle 
et al., 1997; Courcelle et al., 1999; Courcelle et al., 2001; Courcelle et al., 2003). 
However, on single-stranded plasmids, repair of the lesion following the arrest of 
replication would require a second homologous plasmid to provide a template 
that can restore the lesion-containing region to a double-stranded form, as 
Bichara et al. observed (Bichara et al., 2007).   
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TABLE 2.1. E. coli K-12 strains used 
Strain Relevant Genotype Source, Reference or Construction 
ER1793 F- fhuA2 ∆(lacZ)r1 gln44e14-
(McrA-) trp13-31 his-1 
rpsL104 xyl-7 mtl-2 metB1 
∆(mcrC-mrr)114::IS10 
New England Biolabs 
KM21 Δ(recBCD)::kan (Murphy, 1998) 
TP539 recG6201:: kan (Murphy et al., 2000) 
TP605 sulA6209::tet (Murphy et al., 2000) 
TP638 recQ6216::tet (Murphy et al., 2000) 
DY329 Δ (lacU169) nadA::Tn10, 
gal490, Lambda cI857, Δ 
(cro-bioA)  
 
(Yu et al., 2000) 
CL1922* sulA::frt-cam-frt DY329 x linear PCR product 
Primers sulA-frtFOR and sulA-
frtREV 
DY351 ΔlacU169, gal490, ΔcI857, Δ 
(cro-bioA), D(kil-git::cam) 
(Yu et al., 2000)  
CL1016*  polB::tet DY351 x linear PCR product 
Primers polBF-tetF and polBR-tetR 
HL759 uvrA6, zjd::Tn5 Dr. Ann Ganesan 
HL921 recA::tet (Courcelle et al., 1997)  
HL924 recJ284::Tn10 (Courcelle and Hanawalt, 1999)  
HL940 lexA71::Tn5 (Crowley and Hanawalt, 1998)  
HL952 uvrA::Tn10 (Courcelle et al., 1999)  
CL575 umuC122::Tn5 (Courcelle et al., 2005)  
CL577 ruvC53eda-51::Tn10 (Donaldson et al., 2006)  
CL578 ruvAB6204::kan (Donaldson et al., 2004)  
CL579 recF6206::tet (Courcelle et al., 2003)  
CL634 dinB::kan (Courcelle et al., 2005)  
Strains isogenic to ER1793: 
CL1312 recJ284::Tn10 ER1793 x P1 (HL924) 
CL1313 recA::tet ER1793 x P1 (HL921) 
CL1314 ruvC53eda-51::Tn10 ER1793 x P1 (CL577) 
CL1315 uvrA::Tn10 ER1793 x P1 (HL952) 
CL1316 recQ6216::tet ER1793 x P1 (TP638) 
CL1317 polB::tet ER1793 x P1 (CL1016) 
CL1318 dinB::kan ER1793 x P1 (CL634) 
CL1319 recF6206::tet ER1793 x P1 (CL579) 
CL1320 ruvAB6204::kan ER1793 x P1 (CL578) 
CL1321 recG6201:: kan ER1793 x P1 (TP539) 
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CL1323 umuC122::Tn5 ER1793 x P1 (CL575) 
CL1473 Δ (recBCD)::kan ER1793 x P1 (KM21) 
CL1605 sulA6209::tet ER1793 x P1 (TP605) 
CL1623 sulA6209::tet lexA71::Tn5 CL1605 x P1 (HL940) 
CL1919 sulA::frt-cam-frt ER1793 x P1 (CL1922) 
CL1921 sulA::frt-cam-frt lexA71::Tn5 CL1919 x P1 (HL940) 
CL1923* sulA::frt lexA71::Tn5 CL1921 x pCP20 (Cherepanov and 
Wackernagel, 1995)  
CL 1507 uvrA6, zjd::Tn5 ER1793 x P1 (HL759) 
CL 1566 uvrA6, zjd::Tn5, recA::tet CL1313 x P1 (HL759) 
CL1736 sulA::frt lexA71::Tn5 
uvrA::Tn10 
CL1923 x P1 (HL952) 
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Figure 2.1. Schematic of transformation assay. A) Equal amounts of UV-damaged and 
untreated plasmids are mixed and used to B) transform a set of competent wild-type and mutant 
cells. C) The ratio of colonies formed on ampicillin plates (UV-damaged) to those formed on 
chloramphenicol plates (untreated) are determined for each mutant and D) normalized to the ratio 
observed in wild-type. 
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Figure 2.2. Many RecA-mediated processes that contribute to cell survival do not 
contribute to the survival of transforming plasmids. A) The survival of each mutant is plotted 
relative to the survival of wild-type cells following irradiation with 25 J/m2 of UV. B) The survival of 
UV-irradiated plasmids (160 J/m2) introduced into each mutant is plotted relative to the survival of 
plasmids introduced into wild-type cells.  Data represents an average of at least 3 independent 
experiments. Error bars represent standard error of the mean. 
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Figure 2.3. UvrA is nearly 
essential for the survival of 
transforming plasmids 
containing UV-induced 
damage. A) The formation of the 
predominant UV-induced lesion, 
the cyclobutane pyrimidine dimer 
(CPD), increases linearly with UV 
dose. The presence of lesions 
was determined by sensitivity to 
T4 Endonuclease V (TEV), which 
cleaves DNA at sites containing 
CPDs converting supercoiled 
plasmid (SC) to a nicked open 
circular form (NC). These forms 
are differentiated by their 
migration pattern following 
agarose-gel electrophoresis 54. B) 
The survival of UV-irradiated 
plasmids following transformation 
in recA (filled bars) and uvrA 
(unfilled bars) mutants is plotted 
relative to the survival of plasmids 
introduced into wild-type cells at 
each dose. Survival was 
calculated as described in Figure 
2.1. Plots represent an average of 
at least 2 independent 
experiments. Error bars represent 
standard error of the mean. C) 
The survival of UV-irradiated 
transforming plasmid is plotted 
relative to the survival of the 
mock-irradiated plasmid for wild-
type (open squares), recA (open 
circles), uvrA (open triangles) and 
recA uvrA (open diamonds) at the 
indicated doses. The predicted 
(dashed line) and measured (filled 
squares) fraction of lesion-free 
plasmids in the UV-irradiated 
population is plotted. Measured 
lesion-free fractions were 
calculated from the amount of 
plasmid remaining resistant to 
TEV cleavage as shown in Figure 
2.3A. Predicted lesion-free 
plasmids were calculated as the zero-class of plasmids using the Poisson expression. Graphs 
represent an average of at least 2 independent experiments. Error bars represent standard error 
of the mean. 
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Figure 2.4. Replication- and RecA-dependent processing intermediates are not observed 
on newly introduced plasmids. A) Replication-associated structural intermediates observed on 
endogenous plasmids containing UV-induced DNA damage are not observed on plasmids 
following transformation. Wild-type cells containing an endogenous plasmid pBR322 were UV-
irradiated with 55 J/m2 (top) or wild-type cells were transformed with a plasmid that was UV-
irradiated with 110 J/m2 (bottom). Genomic DNA was then purified, digested with PvuII, and 
analyzed by two-dimensional agarose-gel analysis at the times indicated. B) Non-damaged 
plasmids also fail to generate replication intermediates when first introduced into cells. Wild-type 
cells containing an endogenous plasmid pBR322 were mock UV-irradiated (top) or wild-type cells 
were transformed with a plasmid that was mock UV-irradiated, and then analyzed as in (A) 
following a 60-min recovery period. C) On endogenous plasmids containing DNA damage, RecA-
dependent structural intermediates persist and accumulate in uvrA and ruvAB mutants (top), but 
are not observed when UV-irradiated plasmids are introduced into these mutants (bottom). uvrA, 
recA, and ruvAB mutants were analyzed as described in (A) following UV irradiation of cultures 
containing an endogenous plasmid or following introduction with UV-irradiated plasmid, pBR322. 
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uvrA and recA mutants were analyzed at 30 min following treatment, ruvAB mutants were 
analyzed 60 min following treatment. D) Migration pattern of replication- and UV-induced 
structural intermediates following PvuII digestion of pBR322 during two-dimensional agarose-gel 
analysis. Nonreplicating plasmids run as a linear 4.4-kb fragment. Normal replicating fragments 
form Y-shaped structures and migrate more slowly because of their larger size and nonlinear 
shape, forming an arc that extends out from the linear fragment. Double Y- or X-shaped 
molecules migrate in the cone region and are observed after UV-induced damage on endogenous 
plasmids.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 61 
 
 
Figure 2.5. Constitutive recA expression does not enhance the survival of transforming 
UV-damaged plasmids. The survival of UV-irradiated plasmids following introduction into wild-
type (filled squares), lexA (open squares, dotted lines), uvrA (filled circles), and uvrA lexA (open 
circles, dotted lines) cells is plotted relative to the survival of mock-irradiated plasmids. Plots 
represent an average of at least 2 experiments. Error bars represent standard error of the mean. 
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Figure 2.6. The presence of a homologous plasmid does not enhance the survival of 
transforming UV-damaged plasmids. The survival of UV-irradiated plasmids following 
introduction into wild-type (squares), recA (circles) and uvrA (triangles) cells is plotted relative to 
the survival of mock-irradiated plasmids at each dose. The cells either contained an endogenous 
homologous plasmid (filled symbols) or no homologous plasmid (open symbols, dotted lines). 
Plots represent an average of at least 2 experiments. Error bars represent standard error of the 
mean. 
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Chapter 3 
 
 
Fate of the Replisome Following Arrest by DNA Damage in Escherichia coli 
 
Abstract 
Accurate replication in the presence of DNA damage is critical to 
maintaining genomic stability and viability in all cells. In Escherichia coli, the DNA 
at replication forks blocked by UV-induced damage undergoes a partial resection 
of the nascent lagging strand and RecF-catalyzed regression of its branch point 
to allow for lesion removal or bypass before synthesis resumes (Courcelle and 
Hanawalt, 1999; Courcelle et al., 1997; Courcelle et al., 2003). These processing 
events generate distinct structural intermediates that can be visualized in vivo 
using 2-dimensional agarose gels. However, the fate and composition of the 
replisome itself remains a central uncharacterized question. Here, we use 
thermosensitive mutants to show that following encounters with DNA damage, 
the polymerases uncouple and transiently dissociate from the replisome, while 
the DNA helicase complex remains associated with the replication fork. 
Disruption of either the α (DnaE), β (DnaN), or τ  (DnaX) subunits of the 
replisome is sufficient to induce the DNA structural intermediates and RecF-
mediated processing that occurs following encounters with UV-induced damage. 
By contrast, disruption of the DNA helicase (DnaB), or primase (DnaG) leads to 
abnormal intermediates and events that are not observed following DNA 
damage, arguing that these subunits remain associated throughout the recovery 
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process. We propose that polymerase dissociation provides a mechanism for 
access to the obstructing lesion, while the DNA helicase complex retains the 
licensing and integrity of the fork, directing replisome reassembly to the 
appropriate location once the obstruction is processed. 
 
Introduction 
The replisome is made up of several multi-subunit protein complexes and 
is responsible for duplicating the genome. In E. coli, it is comprised of three DNA 
polymerase complexes tethered to the DNA template by processivity factors, a  τ 
complex that couples leading and lagging strand synthesis, and a helicase-
primase complex that separates the duplex DNA and primes lagging strand 
synthesis ((McInerney et al., 2007; O'Donnell, 2006; Reyes-Lamothe et al., 2010) 
and Figure 3.1A). When the replisome encounters DNA damage that blocks its 
progression, the potential for mutagenesis, rearrangements, and lethality 
increases significantly. Replication in the presence of DNA damage generates 
mutations if the wrong base is incorporated, rearrangements if it resumes from 
the wrong site, or lethality if the obstructing lesion cannot be overcome. Following 
arrest of replication at UV-induced damage, the nascent lagging strand is partially 
resected by the combined action of the RecQ helicase and RecJ nuclease, and 
the RecF-O-R proteins along with RecA limit this degradation and promote a 
transient regression of the DNA branch point which is thought to be important for 
restoring the damaged region to a form that can be accessed by repair enzymes 
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or translesion polymerases (Courcelle et al., 2003; Courcelle et al., 2006). These 
processing events generate distinct structural intermediates on the DNA that can 
be readily visualized using two-dimensional (2-D) agarose gel analysis, a 
technique that allows one to identify the shape and structure of DNA molecules 
(Courcelle et al., 2003; Friedman and Brewer, 1995). 
Although the processing that occurs on the DNA is well characterized, little 
is known about the behavior or composition of the replisome itself during these 
events. If the replisome remains bound to the arresting lesion, it may sterically 
obstruct repair or bypass from occurring. Conversely, complete dissociation of 
the replisome would likely abolish the licensing for the replication fork and expose 
DNA ends that have the potential to recombine- generating deletions, 
reduplications, or rearrangements on the chromosome. Recent studies in vitro 
have suggested that dynamic interactions between replisome components play a 
role in allowing the machinery to overcome specific challenges such as collisions 
with the transcription machinery (Furukohri et al., 2008; Langston et al., 2009; 
O'Donnell, 2006). Thus, it seems likely that specific components of the replisome 
may dissociate upon encountering a blocking DNA lesion, and that this may be 
necessary or serve as a signal to allow lesion processing to occur. To determine 
how the replisome behaves or is modified following encounters with DNA 
damage in vivo, we used thermosensitive mutants to deliberately disrupt specific 
components of the replisome and then asked if the loss of that component 
induced replication fork processing, similar to that seen when replication 
 73 
encounters DNA damage. 
 
Materials and Methods 
 
Strain Construction. The strains used in this study are presented in 
Table 3.1. Our wild type strain has the genotype: lambda-, thyA36, deoC2, 
IN(rrnD-rrnE)1, rph and has been described previously (Jensen, 1993). Double 
mutants were constructed using standard P1 transduction. Standard 
electroporation with 50ng/µL of pBR322 was used for transformation of these 
strains. pBR322 has been described previously (Watson, 1988). Transductants 
were verified via selection using antibiotics and sensitivity to temperature shift 
when appropriate. Antibiotics used: Ampicillin 100 µg/mL for transformants 
containing pBR322, Tetracycline 16 µg/mL for transductants.  
Tracking Rate of DNA Synthesis via [3H]-Thymidine Incorporation. 
For UV experiments, fresh overnight cultures of wild type cells were diluted 1:100 
and grown in Davis medium supplemented with 0.4% glucose, 0.2% casamino 
acid, and 10 μg/mL thymine (DGCthy) to an OD600 of 0.4 in a 30 °C shaking 
water bath at which time the culture was split in half. Half of the culture was 
irradiated with 55 J/m2 UV, while the other half was mock irradiated. Duplicate 
0.5-mL aliquots of the culture were pulse-labeled with [3H] thymidine (1 .0 μCi/10 
μg/mL) for 2 min at the indicated times. Following pulse-labeling, the cells were 
lysed and the DNA was precipitated by addition of 5 mL of ice-cold 5% 
trichloroacetic acid. The precipitate was then collected on Fisherbrand 2.5-cm 
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glass fiber filters, and the amount of radioactivity in each sample was measured 
via liquid scintillation counter. Raw counts were normalized to the -10 min time 
point in both treatments. For temperature shift experiments, fresh overnight 
cultures were diluted 1:100 and grown in DGCthy to an OD600 of 0.4 in a 30 °C 
shaking water bath at which time the culture was split in half. Half of the culture 
was immediately filtered and resuspended in fresh media that had been pre-
warmed to 42 °C while the other half was filtered and returned to fresh media that 
had been pre-warmed to 30 °C. Duplicate 0.5-mL aliquots of the culture were 
pulse-labeled with [3H] thymidine (1 .0 μCi/10 μg/mL) for 2 min at the indicated 
times. Following pulse-labeling, the cells were lysed and the DNA was 
precipitated by addition of 5 mL of ice-cold 5% trichloroacetic acid. The 
precipitate was then collected on Fisherbrand 2.5-cm glass fiber filters, and the 
amount of radioactivity in each sample was measured via liquid scintillation 
counter. Raw counts were normalized to the -10 min time point in both 
treatments. 
Two-dimensional Agarose Gel Electrophoresis. Fresh overnight 
cultures containing pBR322 were grown in Ampicillin. Cultures were then diluted 
1/100 and grown in DGCthy without antibiotic to an OD600 of ~0.4 in a 30 °C 
shaking water bath. At this time, cultures were split in half and one half was 
irradiated with 55 J/m2 of UV and returned to the 30 °C shaking water bath while 
the other half was filtered, and resuspended in media that had been pre-warmed 
to 42 °C. During the recovery, 0.15ml aliquots of the cultures were taken at the 
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indicated times and transferred to 0.75ml ice-cold NET buffer (100 mM NaCl, 20 
mM EDTA, pH 8.0, 10 mM Tris, pH 8.0).  
To purify DNA, cells were pelleted, resuspended in 0.15 ml of lysis buffer 
(1.5 mg/ml lysozyme, 0.5 mg/ml RNAse A in 10 mM Tris, pH 8.0, 1 mM EDTA, 
pH 8.0) and incubated at 37ºC for 30 min at which point 10 µl of 10 mg/ml 
Proteinase K and 10 µl of 20% Sarkosyl was added to the samples and returned 
to 37ºC for an additional 30 min. Samples were then extracted with 2 volumes of 
phenol:chloroform (1:1), followed by an extraction with 4 volumes of chloroform. 
The samples were then dialyzed with 200 ml of TE (2 mM Tris, pH 8.0, 1 mM 
EDTA, pH 8.0) for 30-45mins on a floating 47-mm Whatman 0.05-mm pore disk, 
and digested with PvuII (Fermentas) overnight at 37ºC. Samples were extracted 
with an equal volume of chloroform and loaded directly into a gel. 
The DNA was separated initially on a 0.4% agarose gel in 1X TBE at 1 
V/cm for 16 hours. For the second dimension, lanes were excised from the gel, 
rotated 90º, recast in a 1% agarose gel in 1X TBE and underwent electrophoresis 
at 7 V/cm for 6-7 hours. DNA in the gels was transferred to Hybond N (GE 
BioSciences) membrane using standard Southern blotting protocols. The plasmid 
DNA was detected by probing with 32P-labeled pBR322 prepared via nick 
translation kit (Roche) and visualized using a Storm 840 phosphorimager (GE 
Biosciences) and its associated ImageQuant analysis software.   
Nascent DNA Degradation Assay. Fresh overnight cultures were diluted 
1:100 and grown in DGCthy and [14C] thymine (0.1 μCi/10 μg/mL) to an OD600 
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of 0.4 in a 30 °C shaking water bath. Cultures were then pulse labeled with [3H]  
thymidine (1 μCi/10 μg/mL) for 5 s, filtered on Whatman 0.4-μm membrane 
filters, and washed twice with 3 mL of cold NET buffer (100 mM NaCl, 10 mM 
Tris (pH 8.0), and 1 mM ethylenediaminetetraacetic acid). For UV experiments, 
the filter was then resuspended in prewarmed nonradioactive DGCthy media, 
immediately UV irradiated with 30 J/m2 (Sylvania 15-W germicidal lamp, 254 nm, 
0.9 J/m2/s incident dose), and incubated in a 30 °C shaking water bath. For 
temperature shift experiments, the filter was instead immediately resuspended in 
fresh media that had been pre-warmed to 42 °C. For both experiments, at the 
times indicated, duplicate 200-μL aliquots of the culture (triplicate at time 0) were 
taken. Cells were lysed, and the DNA was precipitated by addition of 5 mL of ice-
cold 5% trichloroacetic acid and then collected on Fisherbrand 2.5-cm glass fiber 
filters. The amount of radioactivity in each filter was determined using a liquid 
scintillation counter. 
 
Results 
A schematic of each of the components of the replisome tested in this 
study and their function is presented in Figure 3.1A. Temperature-sensitive 
mutants exist for each of these components in which viability or functionality is 
supported at 30°C, but not at 42°C (Figure 3.1B). Although replication proceeds 
normally at the permissive temperature, it is rapidly disrupted following 
inactivation of the proteins at the restrictive temperature (Figure 3.1C). The 
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exception to this is the proofreading subunit ε, encoded by dnaQ, which is 
mutagenic at the restrictive temperature, but is not essential for viability or 
replication (Scheuermann et al., 1983).  
These thermosensitive mutants were used to visualize the processing 
intermediates at the replication fork DNA, in vivo, on replicating fragments of the 
plasmid pBR322 (Figure 3.2A and B). pBR322 replicates using the hostʼs 
replication machinery, can be linearized at its single origin of replication, and 
maintains a moderate copy number, making it useful to detect rare events such 
as replication through a defined fragment (Martin-Parras et al., 1991). Here, we 
examine the structural intermediates induced following disruption of each of the 
components of the replisome and compare them to those induced following 
arrest by UV lesions. To this end, mid-log cultures of each thermosensitive 
mutant containing the plasmid were either filtered and resuspended in media pre-
warmed to the restrictive temperature or UV-irradiated with 50 J/m2, a dose which 
produces an average of one lesion per plasmid strand and where greater than 
90% of cells survive (Courcelle et al., 2003). Aliquots of the cultures from each 
treatment were then taken at various times during the recovery period, and total 
genomic DNA was purified, digested with a restriction endonuclease to linearize 
the plasmid at its origin of replication, and examined following 2D agarose-gel 
electrophoresis. In this type of analysis, actively replicating molecules appear as 
“Y”-shaped structures that migrate in an arc that extends out from the prominent 
spot of nonreplicating linear molecules (Figure 3.2A and B). When replication 
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forks encounter UV-induced damage, the transient regression and other 
processing events associated with the recovery process generate intermediates 
having two branch points, forming double-“Y” or “X”-shaped molecules which 
migrate more slowly due to their nonlinear shape, forming a cone region above 
the arc of replicating molecules (Figure 3.2A and B).  
At the permissive temperature, only normal “Y”-shaped replication 
intermediates were observed before treatment in all mutants, and normal 
damage-induced processing of the replication fork occurred after UV damage, as 
evidenced by the timely appearance of cone region intermediates in each mutant 
(Figure 3.2 and 3.5). These data show that the existence of any of the 
thermosensitive alleles do not disrupt normal replication or lesion processing.   
Following disruption of either α (DnaE), the catalytic subunit of the DNA 
polymerase, or β (DnaN), the processivity factor that tethers the DNA polymerase 
to the DNA template, by temperature shift, processing intermediates were 
induced at the replication fork that appeared similar to those seen after UV 
irradiation (Figure 3.2C). Both α and β are required to maintain DNA polymerase 
binding to the DNA template (Marians et al., 1998; Stukenberg et al., 1991). 
These data indicate that processing intermediates were induced specifically by 
the disruption of the Pol III subunits because no processing intermediates were 
induced either in wild-type cells at the restrictive temperature or following 
disruption of the nonessential proofreading subunit, ε (DnaQ) (Figure 3.2 and 
3.5). Similar to the polymerase subunits, UV-like processing intermediates were 
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also induced following disruption of  τ (DnaX) (Figure 3.2C), which is responsible 
for coupling leading and lagging strand synthesis and repetitive cycling of the 
processivity factors during lagging strand synthesis (Glover et al., 2001). The 
induction of UV-like intermediates following the disruption of the DNA polymerase 
or coupling factor indicates that the processing of replication forks at UV-induced 
damage is likely to involve the dissociation of these subunits from the DNA and 
replisome. 
The helicase-primase complex interacts with τ and the holoenzyme and 
tracks along the lagging strand template, serving to unwind and prime it during 
replication (Glover et al., 2001; LeBowitz and McMacken, 1986). Disruption of 
either the helicase (DnaB) or primase (DnaG) led to the production of abnormal 
structural intermediates that were unlike any of those that are induced during the 
processing of UV lesions suggesting that dissociation of the helicase does not 
normally occur during the recovery of replication following UV damage (Figure 
3.2D and 3.5).  
The results described above indicate that the dissociation of the 
polymerase induces structural intermediates similar to those observed during the 
recovery of replication after UV irradiation but that dissociation of the helicase 
does not occur. Following arrest by UV irradiation, the integrity of the replication 
fork is maintained and the nascent DNA at the arrested replication fork 
undergoes only limited degradation prior to resumption of replication (Courcelle 
and Hanawalt, 1999; Hanawalt and Brempelis, 1967). To further characterize the 
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events that occur after dissociation of the polymerase or helicase, we examined 
whether and to what extent the degradation of nascent DNA occurs at the 
replication fork in these mutants. To this end, wild type, dnaB and dnaE cultures 
prelabled with [14C] thymine, were pulse-labeled with [3H] thymidine for 20 
seconds, then filtered, resuspended in fresh media and either UV-irradiated or 
shifted to the restrictive temperature. Following inactivation of DnaE, we 
observed limited degradation of nascent DNA at the replication fork indicating 
that polymerase disruption occurs without compromising the integrity of the 
replication fork. By contrast, following disruption of the helicase complex, we 
observed extensive degradation of the fork DNA, indicating that helicase 
disruption leads to a loss of replication fork integrity, suggesting that the 
abnormal intermediates are associated with the collapse and degradation of the 
fork (Figure 3.3A). Neither the abnormal structural intermediates nor the 
extensive degradation of the fork are observed during the processing of 
replication forks after UV-induced damage, arguing that the helicase complex 
normally remains associated with the DNA during the recovery process and the 
fork remains intact.  
We have previously shown that the formation of damage-induced 
intermediates is catalyzed by the RecF pathway gene products, depends on 
active replication, and resolves at a time that correlates with when the lesions are 
repaired and replication resumes (Courcelle et al., 2003). In the absence of 
RecF, the transient regression and structural intermediates fail to form at the 
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replication fork following UV-induced damage (Figure 3.3B and 3.3C). To 
determine if the DNA processing events induced by DNA polymerase 
dissociation are identical to those occurring after UV-induced damage, we 
examined whether the intermediates formed after polymerase disruption were 
also dependent on RecF. Cultures of wild type, dnaE and dnaB mutants 
containing either a normal copy or a deletion of the recF gene were grown and 
examined by 2-D agarose gel analysis as described above. In wild type cells, 
normal UV processing intermediates are observed in the presence of RecF but 
are not induced in recF mutants indicating that functional RecF protein is required 
to initiate processing events (Figure 3.3B). Similar to UV, the replication fork 
processing intermediates induced following temperature shift in dnaE mutants did 
not appear in the absence of RecF, indicating that dissociation of the polymerase 
is sufficient and serves as a signal to initiate the RecF-mediated processing that 
occurs following replication arrest by DNA damage (Figure 3.3B). By contrast, the 
abnormal intermediates that arise following disruption of the helicase complex 
appear irrespective of whether RecF is present or absent (Figure 3.3B). 
 
Discussion 
These data indicate that, in vivo, the DNA polymerase transiently 
dissociates from the replisome, uncoupling leading and lagging strand synthesis, 
while the helicase-primase complex remains associated with the DNA (Figure 
3.4). We propose a model in which polymerase dissociation may be required to 
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allow repair enzymes or translesion DNA polymerases to gain access and effect 
repair as suggested by in vitro and cellular assays (Bichara et al., 2007; 
Courcelle et al., 2005; Courcelle et al., 2006; McInerney and O'Donnell, 2004).  
Polymerase dissociation can occur without compromising the integrity of 
the replication fork. Lagging strand synthesis requires constant dissociation and 
reloading of both the polymerase and the processivity factor (McInerney and 
O'Donnell, 2004). A similar method of dissociation may be required on the 
leading strand following UV-induced arrest to allow repair of the lesion. Tolerance 
of the lesion through translesion synthesis can occur but would also require 
transient dissociation of the replicative polymerase (Indiani et al., 2005). In this 
scenario, an arrested replicative polymerase would be displaced by a low-affinity 
translesion polymerase, which would carry out DNA synthesis through the site of 
the lesion prior to being displaced by the high-affinity replicative polymerase.    
In contrast to the polymerases, a number of observations are consistent 
with the idea that replicative helicases appear to remain associated with the DNA 
template. One study uses an in vitro model to suggest that compromising the 
interaction between the helicase and DNA template results in a loss of origin 
licensing and requires re-initiation at the origin (Nishitani and Lygerou, 2004). 
Another study has showed that biochemically assembling and maintaining the 
structure of the replisome is dependent upon the prior assembly of the replicative 
helicase (Remus et al., 2009). These authors suggest that compromising the 
assembly of the helicase multimer necessarily compromises the integrity of the 
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replisome. 
It is also of interest to not that both prokaryotes and eukaryotes tightly 
regulate helicase loading onto DNA as the limiting step in the mechanism to 
control replication initiation and licensing regions of DNA for replication (Remus 
and Diffley, 2009; Sclafani and Holzen, 2007). Once the helicase has been 
loaded, the remaining components of the replisome are then recruited to this site 
and replication begins. Retention of the helicase complex at the site of arrest 
implies cells are able to retain licensing for disrupted replication forks and 
suggests the helicase serves to signal and recruit replisome reassembly to the 
correct site once the lesion has been processed. 
The broad conservation of replication initiation mechanisms and the 
replication proteins that comprise the replisome in both prokaryotes and 
eukaryotes suggest that these results may extend widely to other organisms.  
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Table 3.1. E. coli strains used 
Strain 
number Relevant Genotype 
Source, Reference or 
Construction 
SR 108 thyA36, deoC2 
(Mellon and Hanawalt, 
1989)  
CL 583 recF6206::tetR (Courcelle et al., 2003)  
CRT 266 dnaB266(ts) (Kohiyama et al., 1966) 
E486 dnaE486(ts) (Wechsler and Gross, 1971)  
PC 3 dnaG3(ts) (Carl, 1970) 
MS 101 dnaN159(ts) (Sutton, 2004) 
KH 1366 dnaQ49(ts) (Horiuchi et al., 1978) 
AX 727 dnaX2016(ts) (Filip et al., 1974) 
CL 756 dnaB266(ts) recF6206::tetR (Belle et al., 2007) 
CL 069 
dnaE486(ts) 
recF349tna300::Tn10 
E486 x P1 from HL 919 
(Courcelle et al., 1997)  
pBR322  (Bolivar et al., 1977) 
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Figure 3.1. Replication is disrupted by UV-induced damage or following inactivation of the 
polymerase, tau complex, or helicase-primase complex. (A) A diagram of the replisome, 
indicating the subunits of each protein complex. (B) Thermosensitive mutants that inactivate the 
polymerase core, tau complex, or helicase complex are viable at 30°C but fail to grow at the 
restrictive temperature of 42°C following overnight incubation. (C) The rate of DNA synthesis is 
inhibited following UV-induced damage or inactivation of the replisomeʼs essential subunits. Wild-
type or mutant cultures, grown at 30°C were pulse-labeled with 1”Ci/10”g/ml 3H-thymidine for two 
minutes at the indicated times following mock treatment (open symbols), 50 J/m2 UV irradiation 
(filled symbols), or a shift to 42°C (filled symbols). The amount of radioactivity incorporated into 
the DNA, relative to pretreated cultures is plotted 8. Error bars represent standard error of two 
experiments. 
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Figure 3.2. Dissociation of the DNA polymerase or τ complex, but not the helicase 
complex, induces replication fork processing intermediates similar to UV-induced 
damage. (A) Diagram depicting the migration pattern of replicating DNA fragments and 
intermediates associated with processing forks disrupted by UV-induced damage in 2D agarose 
gels. (B) In wild-type cultures, replication fork processing intermediates are observed after 
disruption by UV-irradiation but not after a shift to 42°C. (C) Disruption of the polymerase core 
(dnaEts), processivity factor (dnaNts) or tau (dnaX ts) is sufficient to induce replication fork 
processing similar to that seen after UV-induced damage. (D) Abnormal intermediates, distinct 
from any of those associated with processing UVinduced damage, arise after disruption of the 
helicase (dnaB ts), or primase (dnaGts). (E) No atypical intermediates are observed following 
disruption of the nonessential proofreading subunit of the DNA polymerase (dnaQ ts). Strains 
containing plasmid pBR322 were UV-irradiated with 50 J/m2 or filtered and placed in pre-warmed 
media at 42°C. Genomic and plasmid DNA was then purified, digested with PvuII, and analyzed 
by 2D agarose-gel analysis 15 and 90 min following UV-irradiation or temperature shift, 
respectively. 
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Figure 3.3. Similar to after UV, the integrity 
of the replication fork DNA is maintained 
after polymerase dissociation, and the 
formation of the replication fork 
intermediates are mediated by RecF. A) The 
integrity of the replication fork is maintained 
following arrest by UV irradiation or polymerase 
dissociation, but collapses after disruption of the 
helicase. [14C]-thymine prelabeled cultures 
were pulse-labeled with [3H] thymidine for 20 s 
before being filtered and placed in 
nonradioactive media and either UV-irradiated 
or shifted to 42°C as indicated. The amount of 
radioactivity remaining in the total genomic DNA 
(open symbols) and nascent DNA at the 
replicationfork (filled symbols) is plotted over 
time. B) The formation and processing of the 
replication intermediates after polymerase 
dissociation are mediated by RecF, similar to 
UV. The formation of the abnormal 
intermediates that arise following helicase 
disruption are not dependent on RecF. Isogenic 
wild-type, dnaBts and dnaEts cultures 
containing a normal or mutated copy of the recF 
gene were UV-irradiated or temperature shifted 
and analyzed by 2D agarose gel analysis as in 
Figure 3.2. 
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Figure 3.4. Model of Replisome at UV-induced damage. Upon encountering an arresting 
lesion (i), DNA synthesis becomes uncoupled and the polymerases transiently dissociate. (ii) This 
serves as a signal to initiate the replication fork DNA processing by the RecF pathway gene 
products (gray circles) allowing repair enzymes (NER) or translesion polymerases (not shown) to 
access the lesion. (iii) The helicase-primase complex remains bound to the template DNA and 
serves to maintain the licensing and integrity of the replication fork, directing replisome re-
assembly to the correct location once the lesion has been processed. 
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Figure 3.5. Persistence of structural intermediates that accumulate following UV exposure 
or inactivation by temperature shift. Aliquots each culture were taken at 0, 30, 60 and 90 
minutes following treatment and subject to 2-D agarose gel analysis. 
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Chapter 4 
 
 
Concluding Remarks 
 
 
 The main objective of this thesis was to address two questions central to 
repair and replication processes in an E. coli system. First, I examined whether 
repair processes that occur on exogenously irradiated plasmids are appropriate 
models for those that occur on the chromosome in vivo and second, I examined 
the roles of the replisome during the processing of UV lesions. The ability to 
visualize DNA structural intermediates provided valuable insights into examining 
either of these questions and 2-D agarose gel analysis remains a powerful 
technique for the visualization of DNA structures in vivo. It has been used to 
characterize a number of the intermediates associated with both replication and 
repair processes, and in conjunction with other assays has helped elucidate the 
biochemical mechanisms by which DNA damage is repaired.  
The ability to introduce damage exogenously in a site-specific manner 
would provide a tool which could be used to examine a number of questions 
relating to precise method of processes for lesions in the leading and lagging 
strand as well as the differences in processing that may occur between various 
forms of damage. However, I found distinct differences exist between repair 
processes that operate on established, endogenous DNA versus DNA that was 
newly introduced via transformation. As stated below, the inherent differences 
 95 
would make it difficult to use transformation studies as a model for the processing 
events that occur in the chromosome.  
In order to construct a system in which we could examine the differences 
between the repair processes that act on strand-specific or site-specific lesions, 
we would need to control for or remove the differences in replication and topology 
affecting factors between newly introduced plasmids and their endogenously 
established counterparts. One method is to introduce UV lesions specifically into 
endogenous plasmids although it is technically challenging to do so without also 
causing damage to the chromosome. In theory, this method would allow us to 
directly quantify the effect that lack of each repair protein would have on plasmid 
survival during replication endogenously. However, the introduction of additional 
lesions on the chromosome using this method would influence survival of the cell 
to a greater extent than lesions on the plasmid, particularly in repair mutants. It is 
possible that some variations in the system could be implemented in order to 
address these problems. 
Another possibility is to add the replication proteins and topology-affecting 
factors prior to transformation of the UV damaged plasmid thereby eliminating a 
key difference between the two systems. A limitation of this approach, however, 
is that transformation efficiency may decrease dramatically when the plasmid is 
bound to proteins prior to introduction into the cell making quantification difficult. 
Agents that make the membrane more permeable could be used to increase 
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transformation efficiency of protein-bound plasmids in an effort to overcome this 
limitation. 
Yet another possibility is to use cell free extracts in place of host cells 
thereby eliminating the need for transformation altogether. The technical 
challenge would involve clean, efficient and consistent recovery of the plasmids 
following introduction and incubation. It would be important to include a second, 
undamaged reference plasmid in order to normalize for variation in the recovery 
of the plasmids. It may be difficult to determine whether the results of this 
approach provide appropriate model for the repair processes that occur on the 
chromosome because of the loss of structural integrity of the cell and membrane 
and its effect on the structure and compartmentalization of endogenous DNA. 
In the next chapter, I took advantage of the fact that UV-irradiation induces 
distinct structural intermediates at arrested replication forks. I used the formation 
of these structural intermediates to characterize the fate and composition of the 
replisome during the processing events. To this end, thermosensitive alleles for 
each of the components were used to disrupt their function under lesion-free 
conditions. The structural intermediates produced by artificial disruption of each 
component were then compared to those formed during normal lesion 
processing. The results indicate that dissociation of the polymerase and 
uncoupling of leading and lagging strand synthesis is sufficient to initiate the 
same processing events observed following encounter with a UV-lesion. The 
results also showed that disruption of the helicase-primase complex leads to the 
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induction of structural intermediates not observed during the normal recovery of 
replication after DNA damage, strongly suggesting that the helicase-primase 
complex remains intact during processing events. This study demonstrates a 
dynamic replisome in which each of the functional components has a specific role 
during the repair process. The key finding that the helicase-primase complex is 
required to remain intact in order to re-establish synthesis following repair as well 
as retain licensing of the replication origin has not been demonstrated previously 
in vivo. The findings imply that rather than the replisome being a static, steric 
barrier for repair, it can function as a modular unit to facilitate repair without 
compromising the integrity of the ongoing fork.  
We interpret the requirement for RecF in the generation of structural 
intermediates following polymerase inactivation to indicate the initiation of a 
repair-associated response. However, an alternative interpretation of this data 
could be developed. It is possible that a previously unknown function for the 
RecF protein exists in which RecF is involved in DNA metabolism or structural 
processing and doesnʼt require a repair response for this particular function.  
We also interpret our data to suggest a specific role for each of the 
components of the replisome during processing of a UV lesion in a modular 
manner. It may be of further benefit to attempt a more direct approach in the 
context of our results. Using a similar system in which UV-irradiated plasmid are 
examined in vivo, it may be possible to directly examine the presence or absence 
of each of the components of the replisome following arrest. One could use a 
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modified ChIP analysis in which proteins are cross-linked to the plasmid DNA 
following exposure to UV. The proteins bound to the UV irradiated plasmid DNA 
would then be compared to those bound to un-irradiated plasmids. It would be 
advantageous to perform this experiment in a repair deficient cell. This would 
maximize the number of arrested replisomes undergoing processing but not 
completing repair. Presumably, the replisome would remain in its partially 
dissociated state until repair was completed and synthesis was allowed to 
resume. One limitation of this approach is that some of the components of the 
replisome are not bound to DNA or interact within sufficient proximity that would 
result in successful crosslinking. This approach may, however, be quite beneficial 
for direct examination of the helicase-primase complex following arrest. Although 
the results of these experiments could be largely confirmatory, the experimental 
parameters could be further modified to address questions related to site-
specificity or sequence-specificity as well as address the potential differences in 
the processing of a variety of lesions. 
The goal of this thesis was to address very fundamental questions 
regarding the ability of cells to repair DNA damage using 2-D agarose gel 
analysis. While it is difficult to examine the effects of leading versus lagging 
strand lesions directly on the genome due to the lack of any reliable methods to 
introduce strand-specific lesions in vivo, the approaches mentioned above may 
provide some insights (with certain caveats) but would still require a way to verify 
that the repair mechanisms observed to operate on plasmids could be 
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extrapolated to genomic repair processes. Questions regarding the precise 
mechanism by which strand-specific or site-specific repair processes following 
UV-damage still remain, and answers to these basic questions could potentially 
provide profound insights into phenomena such as mutagenesis, genomic 
rearrangements and development of cancer phenotypes.  
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Appendix A 
 
 
Visualization of UV-induced Replication Intermediates in E. coli using Two-
Dimensional Agarose-gel Analysis 
 
*This section has been published: Journal of Visualized Experiments. (2010) 46. 
pii 2220 (http://www.jove.com/video/2220) 
 
 
Abstract 
Inaccurate replication in the presence of DNA damage is responsible for 
the majority of cellular rearrangements and mutagenesis observed in all cell 
types and is widely believed to be directly associated with the development of 
cancer in humans. DNA damage, such as that induced by UV irradiation, 
severely impairs the ability of replication to duplicate the genomic template 
accurately. A number of gene products have been identified that are required 
when replication encounters DNA lesions in the template. However, a remaining 
challenge has been to determine how these proteins process lesions during 
replication in vivo. Using Escherichia coli as a model system, we describe a 
procedure in which two-dimensional agarose-gel analysis can be used to identify 
the structural intermediates that arise on replicating plasmids in vivo following 
UV-induced DNA damage. This procedure has been used to demonstrate that 
replication forks blocked by UV-induced damage undergo a transient reversal 
that is stabilized by RecA and several gene products associated with the RecF 
pathway. The technique demonstrates that these replication intermediates are 
 120 
maintained until a time that correlates with the removal of the lesions by 
nucleotide excision repair and replication resumes.  
 
Materials and Methods 
 
Specific reagents and equipment are shown in Table A1.  
 
Growth and UV Irradiation.  
1.1)    200μl of a fresh overnight culture containing the plasmid pBR322 grown in 
Davis medium (Davis, 1949) supplemented with 0.4% glucose, 0.2% casamino 
acids, and 10 μg/ml thymine (DGCthy medium)   and 100 μg/ml ampicillin is 
pelleted. The cell pellet is then resuspended in 200μl DGCthy medium lacking 
ampicillin and used to inoculate 20 ml of DGCthy medium. 
1.2)    Cultures are grown without ampicillin selection in a shaking incubator at 
37°C to an OD600 of 0.5 (~ 5 x 108 cells/ml)  . Growth without ampicillin avoids 
selection against abnormal or unproductive replication intermediates that may 
arise in some mutants. In addition, if using UV light to induce damage, the 
removal of the ampicillin from the media is necessary because it absorbs strongly 
at these wavelengths and shields the cells, reducing the effective dose of UV.  
1.3)    Working under yellow lights, the 20mL culture is placed in a 15cm diameter 
Petri dish on a rotating platform for agitation.  Our cultures are placed at a 
distance from a 15-watt germicidal lamp that produces an exposure rate of ~1 
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J/m2/sec, which is measured using a UVC photometer. Cultures are irradiated 
with 50 J/m2 and then immediately transferred into sterile, pre-warmed flasks and 
placed back into the shaking 37° C incubator for the duration of the experiment. 
This dose produces, on average, 1 cyclobutane pyrimidine dimer every 4.5 kb of 
ssDNA (Courcelle et al., 2003). The yellow lighting prevents photoreactivation-
reversal of cyclobutane pyrimidine dimers by photolyase. 
 
DNA isolation.  
2.1)    At times when replication intermediates are to be examined, a 0.75 ml 
aliquot of the culture is placed into 0.75 ml ice cold NET30 Buffer (100 mM NaCl, 
10 mM Tris, pH 8.0, 30 mM EDTA)   and placed on ice until the end of the time 
course. The EDTA and cold temperature serves to effectively stop replication and 
nucleotide excision repair. We typically run a 90 minute time course with samples 
examined at 0, 15, 30, 45, 60 and 90 minutes post UV-irradiation. 
2.2)   Each sample is then pelleted, resuspended in 150 µl of 1.5 mg/ml lysozyme 
and 0.2 mg/ml RNaseA in TE (10 mM Tris, pH 8.0, 1 mM EDTA)  , and lysed at 
37°C for 20 min. At this time, 10µl of proteinase K (10mg/ml)   and 10µl of 20% 
sarkosyl are added and the incubation is allowed to continue for 1 hr. Proteinase 
K and sarkosyl help to release DNA fragments that may be associated with the 
membrane or proteins before phenol extraction occurs. Since actively replicating 
DNA is often bound to protein or membrane complexes, this helps increase the 
yield of replication fragments that are recovered. 
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2.3)    Samples are then extracted by adding 2 volumes of phenol to each sample 
and the tubes are gently inverted for 5 minutes.  Then 2 volumes of 
chloroform/isoamyl alcohol (24/1)   are added and the tubes are gently inverted 
again for 5 minutes.  
 
2.4)    The samples are centrifuged at 14,000 rpm in a microcentrifuge for 5 
minutes and the top aqueous phase of each sample is removed, and placed into 
a fresh tube. Then 4 volumes of chloroform/isoamyl alcohol (24/1)   are added, 
the tubes are gently inverted for 5 minutes, and centrifuged again at 14,000 rpm 
for 5 minutes.  
2.5)   The top, aqueous phase in each sample is then dialyzed for 1 hour by 
spotting 100 µl of each sample on a 47mm Whatman 0.025 μm pore disk which 
floats on 250 ml of 0.1X TE in a beaker. Because replicating structures with 
single strand regions or branch points are more susceptible to shearing, we 
typically cut our pipet tips off with a razor blade to make the mouth wider and 
minimize shearing forces.  In general, pipetting should be kept to a minimum until 
after the DNA has been digested with restriction enzymes.  
2.6)   80 µl of each sample is then digested with 3 units of PvuII (New England 
Biolabs)   which linearizes the plasmid just downstream from the origin of 
replication. The final volume is adjusted to 100 µl with appropriate buffer. 
2.7)   Prior to loading the agarose gel, 100µl of chloroform and 20µl of 6X loading 
dye that contains Bromophenol Blue and Xylene Cyanol are added to each 
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sample and mixed. Then, 40µl of the aqueous phase containing the loading dye 
is loaded into the gel. To minimize structural biases, structural artifacts, and DNA 
shearing, this isolation procedure does not include any steps to enrich for single 
strand regions, precipitate, or concentrate the DNA samples following cell lysis.  
 
2D gel and southern analysis.  
3.1)    The 2-dimensional agarose-gel analysis is modified from (Friedman and 
Brewer, 1995). For the 1st dimension, the restricted DNA samples are run 
through a 0.4% agarose gel in 1X TBE at 1V/cm. One Liter of 10X TBE stock 
solution contains 
 108 g Tris Base 
 55 g Boric Acid 
 40 ml 0.5M EDTA (pH 8.0)   
 
3.2)    A lambda Hind III size marker is loaded in the first lane and the following 
samples are loaded in every other lane. We typically run the first dimension ~12-
15 hrs. Skipping lanes makes it easier to slice the lanes out to cast in the second 
dimension. The low voltage and low percent agarose gel serves to separate the 
DNA fragments primarily based upon size.  
3.3)    For the second dimension, gel lanes are sliced out of the first dimension 
gel using a large butcherʼs knife.  The first lane containing the lambda Hind III 
marker can be stained with ethidium bromide. Using the lambda Hind III marker 
as a guide, crop and discard the region of the gel that is below where the 
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linearized plasmid is expected to run. Under these conditions, we find that 
linearized pBR322 runs slightly above the xylene cyanol stain.  
3.4)    To cast the second dimension, each lane is placed horizontally across the 
top of an empty gel caster. A solution of 1.0% agarose in 1X TBE is prepared and 
cooled to 55°C. At this time, the gel solution is poured in to cast the second 
dimension, making sure to completely cover the gel slices.  Once the gel has set, 
it is run at 6.5V/cm in an electrophoresis unit that allows the buffer to recirculate. 
We typically run the second dimension ~5.5-7 hrs. The high voltage and high 
percent agarose gel effectively separates the DNA fragments based on their 
shape, as well as size. Nonlinear shapes run more slowly through the second 
dimension. 
3.5)  Following electrophoresis, the gel is then rinsed in H2O, washed twice in 
400ml of 0.25M hydrochloric acid for 15 minutes per wash, rinsed with H2O;, and 
then washed twice in 400ml 0.4M NaOH for 30 minutes per wash. All washes are 
performed on a rotating platform. The acid washes serve to partially nick the DNA 
molecules into smaller fragments that transfer more efficiently. This step is 
necessary due to the large size and unusual shapes of the DNA replication 
intermediates. 
3.6)  The DNA in the gels is then transferred to a Hybond N+ nylon membrane 
(Spivak and Hanawalt, 1995).  We use a downward alkali transfer system with 
0.4M NaOH. Briefly, two sheets of blotting paper soaked in 0.4M NaOH are 
placed on a large stack of paper towels.  The nylon membrane is also soaked in 
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0.4M NaOH and placed on top of the blotting paper. The gel is then carefully 
layered on top of this, followed by another piece of blotting paper, wetted in the 
NaOH solution. Finally, a long piece of wetted blotting paper is layered across the 
top and its two ends are placed into a dishes containing 1L of 0.4M NaOH 
solution to serve as a wick.  We typically let the DNA transfer for 6-12 hrs.  
3.7)  The nylon membrane is removed, washed 20-30 sec in 5X SSC Buffer, and 
placed in a hybridization roller bottle containing 10.5ml Prehybridization Solution. 
Then, the membrane is incubated at 42°C with rotation for more than 6hrs.  
Prehybridization solution:  
 5.0 ml formamide 
 0.5 ml 20% SDS 
 2.5 ml 20X SSC* 
 2.0 ml 50X Denhardtʼs* 
 0.5 ml Salmon Sperm DNA (10mg/ml)   
*recipes for SSC and Denhardtʼs can be found in (Sambrook and Russell, 2001)  
 
3.8)  During the prehybridization period, 1 µg of pBR322 plasmid is labeled with 
32P by nick translation according to the protocol supplied by Roche using alpha 
labeled (32-P)-dCTP. The radiolabeled probe (100µl) is denatured by incubating 
at 98°C for 10 minutes in a screw cap microcentrifuge tube, and placed 
immediately on ice.  
3.9) The denatured probe is added to 5.9 ml hybridization solution. 
Hybridization solution: 
  3.0 ml formamide 
 1.5 ml SSC 
 1.0 ml H2O 
 0.15 ml 50X Denhardtʼs  
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 0.10 ml 20% SDS 
 0.15 ml 10mg/ml Salmon Sperm DNA 
 
3.10)  The prehybridization solution is poured out of the roller bottle and the 
hybridization solution is poured in. The roller bottle is then returned to the 42°C 
incubator and rotated for at least 12hrs.  
3.11)  The hybridization solution is poured out of the roller bottle. Then, the blot is 
washed 4 times for 20 minutes in the roller bottle with ~150 ml of a wash solution 
containing 0.5X SSC, 0.1% SDS at 42°C with rotation. 
3.12)  Following the last wash, the membrane is placed on a paper towel until the 
liquid has visibly disappeared.  The membrane is then wrapped in polyvinyl-
chloride plastic wrap and exposed to a phosphorimager screen.  We visualize 
and quantify the radioactivity using a Storm 840 and its associated ImageQuant 
Software (Molecular Dynamics). 
 
Discussion 
 Typical results obtained from wild type cells in the presence and absence 
of UV-induced damage are shown in Figure A1.  In the absence of damage, ~1% 
of the total plasmid DNA can be found in the Y arc when cells are rapidly growing 
in exponential phase.  Following irradiation, a transient increase in Y shaped 
molecules is observed as blocked replication forks accumulate at damaged sites.  
The X-shaped replication intermediates also transiently accumulate and persist 
until a time that correlates with when the lesions are repaired (Courcelle et al., 
2003).  
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 In place of the Southern analysis, the replication intermediates can be 
punched out of the gel with a plastic drinking straw, purified, and observed 
directly by electron microscopy (Donaldson et al., 2006). We have used this 
approach successfully to identify gene products required to process replication 
forks that encounter DNA damage and to identify abnormal replication 
intermediates that accumulate in these mutants (Al-Hadid et al., 2008; Belle et 
al., 2007; Chow and Courcelle, 2004; Chow and Courcelle, 2007; Courcelle et al., 
2003; Donaldson et al., 2004). In addition, this approach can be easily modified 
to examine other forms of DNA damage.  
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Table A1. Specific reagents and equipment 
Name of the 
reagent 
Company Catalogue number Comments 
F40/GO 40WGold  GE  G15T8 Yellow Lighting 
20 watt germicidal 
lamp 
Sylvania F20T12/GO UV Lamp 
Blak-Ray UV 
Intensity Meter 
254nm 
Daigger EF28195T UVC photometer 
0.025 µm pore 
disks 
Whatman VSWP04700 Floating dialysis 
disks 
Pvu II Fermentas ER0632 Restriction 
Endonuclease 
Nick-translation kit Roche 
Diagnostics 
976776 To make 32P-
labeled probe 
Blotting Paper Whatman 3030-704 For Southern 
transfer 
Nylon membrane GE Healthcare RPN203S For Southern 
transfer 
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Figure A1. Plasmid replication intermediates observed in the presence and absence of 
UV-induced DNA damage. The migration pattern of PvuII digested pBR322 plasmid observed by 
2D-agarose-gel analysis is diagrammed. Non-replicating linear plasmids run as a linear 4.4-kb 
fragment. Replicating plasmids form Y-shaped structures that migrate slower than the non-
replicating fragments due to their larger size and nonlinear shape. This migration pattern forms an 
arc that extends out from the linear region towards the well. Following UV-irradiation, double-Y or 
X-shaped molecules are observed in the cone region that migrates more slowly than the arc of Y-
shaped molecules. An example of the Southern analysis of the 2D gel probed with 32P-labeled 
pBR322 is shown for cells immediately after UV irradiation and 15 minutes after UV irradiation 
(reproduced from 2 with permission). 
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Appendix B 
 
 
Damage-Inducible Polymerases Contribute to the DNA Synthesis that 
Occurs Following Disruption of Pol III in Escherichia coli 
 
 
Introduction 
 
E. coli contains five DNA polymerases (Hastings et al., 2010; Johnson and 
O'Donnell, 2005). The primary function of Pol I (encoded by polA) is to process 
Okazaki fragments and fill in gaps generated by base excision repair and 
nucleotide excision repair (Smirnov et al., 1975). Pol III (encoded dnaE, dnaQ 
and holE), is the main replicative polymerase and is responsible for carrying out 
replication of the genome (Horiuchi et al., 1978; Kornberg and Gefter, 1971). In 
addition, E. coli also has three damage-inducible polymerases: Pol II (encoded 
by polB), Pol IV (encoded by dinB) and Pol V (encoded by umuDC). These 
polymerases are capable of inserting bases opposite to specific base adducts 
that may otherwise block Pol III progression (Kornberg and Gefter, 1971; Masker 
et al., 1973; Reuven et al., 1999; Wagner et al., 1999; Woodgate et al., 1989).  
A remaining question has been when and to what extent these alternative 
polymerases function. Some studies have proposed that these polymerases may 
predominantly act on gaps in the lagging strand template (Reuven et al., 2001). 
Others have suggested that they may replace Pol III and function at the 
replication fork on either strand (Indiani et al., 2005; Indiani et al., 2009). In an 
effort to begin answering this question, I used the thermosensitive allele of Pol III 
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used in Chapter 3 of this thesis, in conjunction with a strain lacking the three 
damage-inducible polymerases, to examine DNA synthesis rates and genomic 
DNA accumulation following Pol III disruption. 
The rate of synthesis can be tracked in E. coli by the use of radiolabeled 
nucleotides. Under typical growth conditions, synthesis occurs at rates > 1 kb/s 
(Johnson and O'Donnell, 2005). It has been suggested previously that higher 
concentrations of lower-affinity polymerases may allow them to compete with the 
replicative polymerase, Pol III, to interact with beta and tau and carry out 
replication (Hastings et al., 2010; Leu et al., 2003; Lopez et al., 2003; Sutton et 
al., 2001; Wagner et al., 2000). In order to counteract its lower affinity, the copy 
number of each component of the PolV heterodimer can increase over 30-fold 
following UV irradiation, reaching concentrations that allow the polymerase to 
displace Pol III in the later stages of the SOS response (Sommer et al., 1993; 
Woodgate and Ennis, 1991). However, in the absence of damage, it has been 
suggested that alternative polymerases may still contribute to DNA synthesis 
through competition with Pol III (Indiani et al., 2005). In another study by the 
same group, overexpression of PolV was shown to reduce the speed of the 
replicative helicase suggesting polymerase modularity during replication (Indiani 
et al., 2009). One could envision that over time, low-level polymerase switching 
could contribute significantly to mutagenesis.  
In this appendix, I compared the rate of DNA synthesis and DNA 
accumulation that occurred in a thermosensitive mutant of the replicative 
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polymerase, dnaE, to that occurring in the thermosensitive dnaE strain that also 
lacked the inducible polymerases. I observed that at least one of the three 
damage inducible polymerases contributes to the synthesis occurring after Pol III 
dissociation. I discuss the implications of these results and lend further support to 
the idea of polymerase modularity in the replisome. 
 
Materials and Methods 
Strain Construction. The strains used in this study are presented in 
Table A1.1 Our wild type strain has the genotype: lambda-, thyA36, deoC2, 
IN(rrnD-rrnE)1, rph and has been described previously (Jensen, 1993). Mutants 
were constructed using standard P1 transduction. Transductants were verified 
via selection using antibiotics and sensitivity to either temperature shift or UV 
when appropriate. Antibiotics used: Ampicillin 100 µg/mL, Tetracycline 16 µg/mL 
for transductants.  
Tracking Rate of DNA Synthesis via [3H]-Thymidine Incorporation. 
Fresh overnight cultures were diluted 1:100 and grown in DGCthy medium 
supplemented with 0.1 µCi/ml [14C] thymine to an OD600 of 0.4 in a 30 °C 
shaking water bath at which time the culture was split in half. Half of the culture 
was immediately filtered and resuspended in fresh media containing 0.1 µCi/ml  
[14C] thymine that had been pre-warmed to 42 °C while the other half was filtered 
and returned to fresh media containing 0.1 µCi/ml [14C] thymine that had been 
pre-warmed to 30 °C. Duplicate 0.5-mL aliquots of the culture were pulse-labeled 
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with [3H] thymidine (1 .0 μCi/10 μg/mL) for 2 min at the indicated times. Following 
pulse-labeling, the cells were lysed and the DNA was precipitated by addition of 5 
mL of ice-cold 5% trichloroacetic acid. The precipitate was then collected on 
Fisherbrand 2.5-cm glass fiber filters, and the amount of radioactivity in each 
sample was measured via liquid scintillation counter. Raw counts of [3H] 
thymidine and [14C] thymine were normalized to the -10 min time point in both 
treatments. 
 
Results and Discussion 
 
 In order to begin to determine when and where alternative polymerases 
may be able to function in the absence of DNA damage in vivo, we compared the 
rate of DNA synthesis and genomic DNA accumulation in dnaE polB dinB umuDC 
mutant to those observed in dnaE mutants under both permissive and restrictive 
conditions. To this end, isogenic dnaE cultures either containing or lacking the 
damage-inducible polymerases were grown in media containing [14C] thymine to 
track genomic DNA accumulation. When the cultures reached an OD600 ~0.3, the 
cultures were split in half and filtered. One half was returned to media pre-
warmed to the permissive temperature of 30°C, while the other half was returned 
to media pre-warmed to the restrictive temperature of 42°C. Immediately, aliquots 
of the cultures were taken and pulse-labeled with [3H] thymidine for 2 minutes to 
track the rate of synthesis. Pulse-labeling was repeated at various times 
throughout the 90 minute time course.  
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We observed that under permissive conditions, dnaE cells continue to 
synthesize DNA at a constant rate and undergo two doublings within the 90-
minute time course (Figure B1A). Following disruption of Pol III, the amount of 
genomic DNA accumulation over time is reduced by about half, doubling once 
over the 90 minutes and the rate of DNA synthesis continues to decline 
eventually reaching background levels at the end of the 90-minute time course 
(Figure B1A and B). By comparison, in dnaE mutants lacking the three damage-
inducible polymerases, the rate of DNA synthesis remained constant under 
permissive conditions, however, the amount of DNA accumulation was reduced 
by approximately half, doubling once over 90 minutes. Following disruption of Pol 
III, mutants lacking the damage-inducible polymerases exhibited a more rapid 
decline in the rate of synthesis rates and the amount of genomic DNA 
accumulation ceased almost immediately (Figure B1A and B). Taken together, 
these results suggest that at least one of the translesion polymerases is able to 
substitute and continue DNA synthesis for a period of time in the absence of Pol 
III.  
Curiously, the decrease in the rate of DNA accumulation at the permissive 
temperature in the dnaE cells lacking the three damage inducible polymerases is 
equal to the rate seen in the dnaE strain at the restrictive temperature. If not 
coincidental, this could be indicative of a number of possible phenomena. One 
possibility is that the alternative polymerases continue DNA synthesis on one 
strand, presumably the lagging, under conditions when Pol III is disrupted. This 
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may account for why the genomic DNA accumulation is reduced to approximately 
one half that seen after Pol III inactivation. 
It is also possible that following inactivation of Pol III, the translesion 
polymerases are able to continue synthesis on both strands, but at rate which is 
nearly half the normal rate for the initial period following inactivation. The reduced 
processivity and lower affinity of these polymerases, relative to Pol III, would be 
consistent with the steady decline in DNA synthesis rates over the time course 
(Becherel et al., 2002; Lenne-Samuel et al., 2002; Lopez et al., 2003; Sutton et 
al., 2001).  
Yet another possibility is that the point mutation in the dnaE strain impairs 
the ability of the polymerase to interact with the replisome specifically in either its 
leading or lagging strand orientation. In this scenario, the translesion polymerase 
would be able to compensate for the function of Pol III on the strand for which it is 
impaired. While speculative, such a possibility is attractive because it may 
explain the reduced accumulation rate observed in dnaE strains missing the 
damage inducible polymerases.  
It is unlikely that Pol I contributes significantly to synthesis because, as we 
observed in the disrupted dnaE polB dinB umuC mutant in which only Pol I is 
active, genomic DNA accumulation was undetectable. However, in order to draw 
more appropriate conclusions from these observations, a series of experiments 
are required. Firstly, it is important to note that the dnaE polB dinB umuDC 
mutant has a different genetic background than that of the dnaE strain. In order 
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to ensure that the nucleotide incorporation rates observed are not an artifact of 
the cell background, an isogenic dnaE strain should be constructed and used in 
these experiments. If it were established that the background of the strain had no 
effect on incorporation rates, it would be important to determine whether one, two 
or all three of the alternative polymerases are responsible for the nucleotide 
incorporation observed. This could be achieved by observing the rate of 
synthesis following inactivation of DnaE in three isogenic mutants for the three 
alternative polymerases.  
It has been shown that in eukaryotes as well as some bacteria, the 
replisome contains two different polymerases specific to either the leading- or 
lagging- strand (Dervyn et al., 2001; Karthikeyan et al., 2000). It would be of 
interest to determine whether a similar mechanism can occur in E. coli. Strand-
specific sequencing of DNA isolated from these mutants could show whether the 
polymerases function predominantly on the leading or lagging strand. The 
differences observed in these mutants will provide the basis for genetic studies 
that address such questions. 
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Table B1.1. E. coli strains used 
Strain 
number Genotype Source, Reference or Construction 
SR108 
lambda-,  thyA36, deoC2, 
IN(rrnD-rrnE)1, rph (Jensen, 1993) 
E486 
dnaE486(ts), thr-1, leuB6, 
fhuA21, lacY1, glnV44, 
rfbC1, thyA6, rpsL67, 
thiE1,deoC1, met-89 (Wechsler and Gross, 1971)  
CL646 
SR108 polB-, dinB-, 
ΔumuDC595 (Courcelle et al., 2005) 
CL1881 CL646 dnaE486(ts) 
CL 646 x P1 from E486 (Wechsler and 
Gross, 1971) 
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Figure B1. Following inactivation of Pol III, the rate of DNA synthesis is dependent on at 
least one of the damage-inducible polymerases. Cultures grown in [14C]thymine at 30°C were 
pulse-labeled with 1"Ci/10"g/ml [3H]thymidine for two minutes at the indicated times following 
mock treatment or a shift to 42°C. The amount of radioactivity incorporated into the DNA, relative 
to pretreated cultures is plotted. Error bars represent standard error of two experiments. 
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